
Vol.:(0123456789)

https://doi.org/10.1007/s10854-024-12940-7

J Mater Sci: Mater Electron          (2024) 35:1243 

A.C. Permittivity and conductivity studies 
of Ni‑doped Pb levo‑tartrate crystals

N. D. Pandya1,* , J. H. Joshi2, D. J. Dave1, R. R. Hajiyani3, H. O. Jethva4, and M. J. Joshi1

1 Department of Physics, Faculty of Science, Atmiya University, Rajkot 360005, Gujarat, India
2 Regional Forensic Science Laboratory, Physics Division, Rajkot 360005, Gujarat, India
3 Forensic Science Laboratory, Gandhinagar 382021, Gujarat, India
4 Crystal Growth Laboratory, Department of Physics, Saurashtra University, Rajkot 360005, Gujarat, India

ABSTRACT
Lead Tartrate finds several applications such as an additive in gasoline to prevent 
knocking in motors, in synthesis of chiral molecules, and a combustion catalyst 
in solid propellant. To modify the properties of PbLT (lead levo-tartrate), the Ni 
addition is done. The lead nitrate and nickel nitrate solutions are used to grow 
Pb–Ni levo-tartrate (PbNiLT) crystals in silica gel medium. The amount of Ni and 
Pb is determined by EDAX. Powder XRD reveals the outcome of Ni addition on 
the lattice constants of PbLT crystals. The presence of certain functional groups 
is noticed by FTIR spectra. TGA suggests that Ni increases the thermal stability 
of PbNiLT crystals compared to PbLT crystals. The A.C. electrical characteristics 
of PbLT and PbNiLT such as dielectric, impedance, and modulus spectroscopy 
are studied. This reveals microstructural effect by adding Ni in PbLT crystals, 
and from the complex impedance Nyquist plots, the grain resistance  Rg, grain 
capacitance  Cg, and relaxation frequency values are obtained along with fitting 
with equivalent R–C circuit. The behavior of relaxation mechanism prevailing in 
the PbLT and PbNiLT crystals is explained.

1 Introduction

Lead Tartrate (PbLT) is known as knocking preven-
tion agent in motors operated by gasoline [1], as a 
precursor for yielding chiral molecular magnets [2] 
and a combustion catalyst in solid propellant [3]. The 
gel growth technique has attracted attention of large 
number of researchers for crystals which are very less 
soluble in water and decompose on heating [4, 5]. 
The gel growth of lead (Pb) levo-tartrate (PbLT) crys-
tals was reported [6]. The literature survey reveals 

elaborative exploration of structural [7], spectro-
scopic [7], morphological studies [8], thermal stud-
ies [9], and impedance and modulus spectral studies 
of pure Pb LT. Lead tartrate showed the dendritic 
growth in gel media, which is well explained in the 
literature by some authors [7, 9]. Similarly, growth 
of pure nickel tartrate crystals in gel medium and its 
EDAX, SEM, XRD, and FTIR study has been reported 
[10]. Further, some nickel-doped tartrate crystals 
and their characterization have also been reported 
[11–14]. Apart from these, ternary levo-tartrate 

Received: 30 November 2023 
Accepted: 7 June 2024 

© The Author(s), under 
exclusive licence to Springer 
Science+Business Media, LLC, 
part of Springer Nature, 2024

Address correspondence to E-mail: nikunj.pandya@atmiyauni.ac.in; pandyanikunj19@gmail.com

http://orcid.org/0000-0003-0731-9818
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-024-12940-7&domain=pdf


 J Mater Sci: Mater Electron         (2024) 35:1243  1243  Page 2 of 17

crystals of iron-manganese-nickel are also reported 
[11]. Nickel tartrate finds application as a catalyst in 
hydrogenation process [15] and food industry and 
pharmaceutical industry [16].

Above survey reveals that, very limited reports are 
available on A.C. electrical studies of PbLT. To mod-
ify the properties of PbLT crystal, the nickel dop-
ing is selected as it belongs to 3d transition element 
having more than one valency with smaller atomic/ 
ionic radius and finding applications in industry as 
mentioned above. Therefore, authors are tempted to 
carry out A.C. electrical studies including impedance 
and modulus spectroscopic studies of pure and Ni-
added PbLT along supplementary studies such as 
X Ray Diffraction, FTIR, EDAX, and Thermo gravi-
metric analysis. The novelty of the work is that the 
detailed impedance and modulus studies are carried 
out as these properties are helpful to define possible 
electrical application.

2 �Experimental�details

The single diffusion gel growth technique was imple-
mented to grow pure Pb and Ni-added Pb LT crystals 
which is explained in Fig. 1. As a growth medium of 
the above-mentioned crystals, congealed gel of SMS 
is employed. The supernatant solutions of composi-
tions mentioned in Table 1 were poured gently over 
the surface of set gel without disturbing gel structure.

L-tartaric acid is used to acidify gel. The diffusion 
of  Pb2+ and  Ni2+ in the set gel reacts with tartrate ions 
present in gel matrix. The expected chemical reaction 
is expressed as below:
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Fig. 1  Experimental Technique
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To vary concentration of Ni in Pb LT, the values of 
X = 0.0, 0.2, 0.4, 0.6, and 0.8 are adjusted depending on 
the addition of Ni(NO3)2·6H2O solution. However, the 
exact content and stoichiometry of crystals are deter-
mined from EDAX analysis.

Figure 2 depicts photographs of grown crystals.
Figure 2 shows that increase in concentration of 

 Pb2+ ions promotes dendrite morphology [Fig. 2e–a], 
whereas increase in concentration of  Ni2+ promotes 
spherulitic morphology and color variation from whit-
ish to greenish [Fig. 2a–e].

3 �Characterization�of�crystals

3.1 �Energy‑dispersive�X‑ray�analysis�(EDAX)

To determine concentration of  Ni2+ and  Pb2+ in Ni 
added PbLT crystals, energy-dispersive X-ray analysis 
(EDAX) technique was employed.

The EDAX spectra of pure and Ni-added Pb LT 
crystals are shown in Fig. 3.

Table 1  Volume 
compositions of supernatant 
solution

Sample code Sample name
LT is levo-tartrate

Name of supernatant solution

Pb(NO3)2·6H2O Ni(NO3)2·6H2O

Volume (ml) Mol Volume (ml) Mol

(a) Pure Pb: LT 10 1 00 1
(b) Pb8Ni2: LT 08 1 02 1
(c) Pb6Ni4:LT 06 1 04 1
(d) Pb4Ni6:LT 04 1 06 1
(e) Pb2Ni8:LT 02 1 08 1

Fig. 2  Growth of a Pure Pb:LT b Pb8Ni2:LT c Pb6Ni4:LT d 
Pb4Ni6:LT and e Pb2Ni8:LT crystals inside test tubes

Fig. 3  The EDAX spectrum of a Pure Pb:LT b Pb8Ni2:LT c 
Pb6Ni4:LT d Pb4Ni6:LT and ePb2Ni8:LT
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Expected and observed atomic Wt% values of lead 
and nickel and proposed formula are given in Table 2, 
while the estimated formula for the relevant crystals 
is given in Table 3.

Table 2 indicates the trend of variation in atomic 
weight percentages of  Pb2+ and  Ni2+ in Pb LT as per 
the increase or decrease in volume concentrations of 
lead nitrate and nickel nitrate hexahydrate solutions in 
supernatant solutions poured on set gels. The experi-
mental data of the atomic weight percentages of  Pb2+ 
and  Ni2+ in the harvested crystals do not match with 
expected one. All these crystals contain major atomic 
weight % of  Pb2+ ions compared to  Ni2+ ions which is 
due to vast difference in hydrated radii of  Pb2+ and 
 Ni2+ ions. Being a smaller ion and having greater ionic 
potential attract more water molecules, the thickness 
of hydration shell, i.e., layer of water molecules of  Ni2+ 
is greater than that of  Pb2+ ion. The inverse relation-
ship is observed between non-hydrated radius and 
hydrated radius of  Pb2+ and  Ni2+ ion. In this study, the 
non-hydrated radius of  Pb+2 is 1.19 Ǻ and second ioni-
zation potential is 15.028 eV, while the same quantities 
for  Ni+2 are 0.69 Ǻ and 18.168 eV, respectively [17]. 
Therefore, the reverse nature is observed for hydrated 

radii of  Pb+2 and  Ni+2 than that for the non-hydrated 
ones [18, 19].

The molecular formulae for grown crystals are used 
as per given in Table 3.

3.2 �Powder�XRD�analysis

The powder X-ray diffraction patterns of Pb LT and 
nickel-added Pb LT crystals are depicted in Fig. 4a–e. 
The evaluated unit cell parameters are listed in 
Table 4.

As the apparent Wt% of  Ni2+ is very less in Ni-
added Pb LT crystals, all the XRD patterns of Ni-added 
Pb LT show change in peak intensity along with minor 
peak shifting which confirms the presence of Ni in Pb 
LT crystals. Hence, the estimated lattice parameters of 
Ni-added Pb LT are found nearby that of Pb LT. The 
overlapping of XRD patterns indicates that Ni-added 
Pb LT exhibits single phase nature.

As the heavier atom like Pb is more capable for 
effective scattering of X rays compared to lighter one 
like Ni, the enhanced peak intensity of a particular 
plane is due to the presence of Pb in that plane. How-
ever, the reduction in peak intensity of particular plane 
is due to the existence of Ni in that plane. This type of 
peak intensity changes reflects that the distribution of 
Pb and Ni atoms in particular plane influence the total 
scattering occurring. That means a change in peak 
intensity is correlated to the difference of total scatter-
ing taking place from each crystalline planes due to 
distribution of lead and nickel atoms in the crystalline 
structure, which in turn, is related with composition of 
prepared the samples. Further, the separate peaks of 
nickel are not identified in Ni-added PbLT crystals as 
the Wt% of Ni in PbLT crystals is meager. Further, the 
Ni addition in Pb LT causes shifting of peaks toward 
lower 2θ value, indicating expansion in the unit cell 
volume and lattice parameters.

To determine lattice strain and average crystallite 
size of PbLT and PbNiLT, the Williamson-Hall (W-H) 
method [20] is applied.

Table 5 indicates the presence of minimum lattice 
strain for PbLT, suggesting the minimum distor-
tion in grain, density of point defects, and residual 
stresses. The strain values increase gradually due 
to the increase of Ni content in PbLT crystals. The 
increment in lattice strain is because of the difference 
between Ionic radii of Pb (1.19 Ǻ) and Ni (0.69 Ǻ). That 
means that the lattice strain and distortion of crystal 
lattice are promoted by cationic substitution of larger 

Table 2  Expected and observed (From EDAX) atomic weight% 
values of lead as well as nickel in the grown crystals

Sample no Proposed formula Expected
Atomic 
weight 
(%)

From EDAX
Atomic 
weight (%)

Element Element

Pb Ni Pb Ni

1 PbC4H4O6∙nH2O 100 0 – –
2 Pb0.8Ni0.2C4H4O6∙nH2O 80 20 98.93 1.07
3 Pb0.6Ni0.4C4H4O6∙nH2O 60 40 98.23 1.77
4 Pb0.4Ni0.6C4H4O6∙nH2O 40 60 97.86 2.14
5 Pb0.2Ni0.8C4H4O6∙nH2O 20 80 97.73 2.27

Table 3  Estimated molecular formula from EDAX

Sample code Estimated formula by EDAX

(a) Pure Pb:LT PbC4H4O6∙nH2O
(b) Pb8Ni2:LT Pb0.989Ni0.011C4H4O6∙nH2O
(c) Pb6Ni4:LT Pb0.982Ni0.018C4H4O6∙nH2O
(d) Pb4Ni6:LT Pb0.979Ni0.021C4H4O6∙nH2O
(e) Pb2Ni8:LT Pb0.977Ni0.023C4H4O6∙nH2O
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cation, i.e., Pb, by smaller cation, i.e., Ni. The increased 
average crystallite size of Ni-added PbLT is also veri-
fied by the reduction in FWHM of peaks of Ni-added 
PbLT crystals.

3.3 �FTIR�spectroscopy�study

The FTIR Spectra of PbLT and Ni-added PbLT, i.e., 
NiPbLT crystals, are depicted in Fig. 5. The character-
istic absorption frequencies assigned to various func-
tional groups and their various modes of vibrations 
[21–24] are categorized in Table 6.

As the apparent concentration of Ni in Ni-added 
PbLT crystals is very small, the characteristic absorp-
tion frequencies of functional groups are slightly 
changed. However, increase in Ni concentration in 
PbLT slightly alters metal–oxygen vibrations in low 
wave number region because of difference of atomic 
mass numbers, i.e., Pb (207amu) and Ni (58.69amu), 
and difference in ionic radii, i.e., Pb (1.19 Ǻ) and Ni 
(0.69 Ǻ).

The absorption frequency range for O–H stretch-
ing vibrations slightly varies in the range from 3383 
to 3393  cm−1 due to minor concentration of Ni in PbLT 
which ultimately produces minor variation in stiffness 

Fig. 4  Powder XRD pattern 
of a Pure Pb:LT b Pb8Ni2:LT 
c Pb6Ni4:LT d Pb4Ni6:LT 
and ePb2Ni8:LT

Table 4  Lattice parameters and crystal system of grown crystals

Sample code Unit cell parameters and crystal system

Orthorhombic α = β = γ =  90o

a(Ǻ) ± 0.0635 b(Ǻ) ± 0.113 c(Ǻ) ± 0.158

(a) Pure Pb: LT 7.975 11.114 17.969 ± 0.158
(b) Pb8Ni2: LT 7.814 11.371 18.075 ± 0.158
(c) Pb6Ni4:LT 7.948 11.335 18.077 ± 0.158
(d) Pb4Ni6:LT 7.927 11.340 18.024 ± 0.158
(e) Pb2Ni8:LT 7.953 11.395 18.375 ± 0.158

Table 5  Estimated Strain values and crystallite size from 
W–H analysis of a Pure Pb:LT b Pb8Ni2:LT c Pb6Ni4:LT d 
Pb4Ni6:LT and ePb2Ni8:LT

Sample code Lattice strain (η)
 ± 0.0022

Average 
crystallite size 
nm)
 ± 15.73

(a) Pure Pb:LT 0.00347 36.2
(b)  Pb8Ni2:LT 0.00576 45.9
(c)  Pb6Ni4:LT 0.00610 50.7
(d)  Pb4Ni6:LT 0.00829 70.0
(e)  Pb2Ni8:LT 0.00895 72.6
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Fig. 5  FTIR spectra of a 
Pure Pb:LT b Pb8Ni2:LT c 
Pb6Ni4:LT d Pb4Ni6:LT and 
e Pb2Ni8:LT

Table 6  Functional groups with their characteristic absorption frequencies

Assignments Wave number in  cm−1

 ± 0.15

(a) Pure Pb: LT (b) Pb8Ni2: LT (c) Pb6Ni4: LT (d) Pb4Ni6: LT (e) Pb2Ni8: LT

O–H Stretching 3441 3386 3442 3383 3442 3393 3442 3393 3441 3387
Asymmetrical C–H Stretching 2937 2937 2938 2931 2931
C=O Stretching 1573 1573 1564 1564 1580
O–H bending In-plane or C–OH bending 1384 1384 1384 1384 1384
C–O Stretching 1128 1076 1128 1077 1127 1067 1119 1067 1127 1067
O–H bending out-of-plane, C–H deforma-

tion and C–H bending
697 606 697 606 697 606 697 606 697 606

Pb–O and Ni–O Stretching 514 508 508 508 508
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of the O–H bond and can be verified by calculation of 
force constant of O–H bond of the samples.

The force constant, k, of O–H bonding of pure 
PbLT and PbNiLT crystals is determined by the cor-
relation between absorption frequency and force 
constant as already discussed in elaborative manner 
by Joshi and Joshi [25].

The force constant values for PbLT and PbNiLT 
crystals are compiled in Table 7. The values of k are 
slightly changed because of Ni addition in PbLT 
crystals.

3.4 �Thermo�gravimetric�analysis�(TGA)

The thermal decomposition profiles of PbLT and 
PbNiLT crystals are given in Fig. 6a–e. The identified 

decomposition stages and their temperature ranges 
are made available in Table 8.

From the comparison of thermal stabilities of Pb 
LT (215 °C) and PbNiLT (225 °C), the Ni addition 
induces increment in the thermal stability of PbLT. The 
TGA curves reveal three stage decomposition profile 
involving (1) dehydration stage, (2) carbonate stage, 
and (3) oxide stage of all crystals analyzed. For each 
decomposition stage, the corresponding mass losses 
values are given in percentage (%) in Table 8.

The correct stoichiometric formulae for the PbLT 
and PbNiLT crystals are available in Table 9 after the 
EDAX and TGA study, which will be used for the 
remaining discussion.

The plateaus on the TG profiles of Fig. 6 indicate the 
existence of stable stoichiometric compounds.

3.5 �Dielectric�constant�(εʹ)

The changes occurring in dielectric constant (εʹ) with 
angular frequency of applied field are displayed in 
Fig. 7.

From the trend of variation of εʹ curves, it is found 
that all the samples exhibit usual dielectric behavior 
[26] over the frequency range considered for PbLT and 
PbNiLT crystals.

3.6 �Dielectric�loss�(εʺ)

Figure 8 shows the trend of variation of dielectric loss 
(εʺ) curves with respect to angular frequency for PbLT 
and PbNiLT samples. The εʺ curves are showing vari-
ation corresponding to dielectric constant curves. The 
high values of εʺ in low frequency regime are due to 
retention of space charge polarization.

The reduction of dielectric loss of Ni-added Pb LT 
crystals is because of the presence of nickel in the grain  
which favors the reduction grain capacitance and die-
lectric loss.

3.7 �AC�conductivity�(σac)

Figure 9 shows the dependency of AC conductiv-
ity (σac) on angular frequency at room temperature 
for PbLT and PbNiLT. The σac curves for PbLT and 
PbNiLT samples are divided into two regions: (i) a low 
angular frequency flat or plateau region and (ii) a high 
frequency dispersion region.

The higher angular frequency regime indicates the 
frequency dependency of σac and shows sharp increase 

Table 7  O–H bond force 
constant k for PbLT and 
PbNiLT crystals

Sample code Force 
constant k 
in N/m
 ± 1.34

(a) Pure Pb: LT 644
(b) Pb8Ni2: LT 643
(c) Pb6Ni4:LT 646
(d) Pb4Ni6:LT 646
(e) Pb2Ni8:LT 644

Fig. 6  Thermal decomposition profile of a Pure Pb:LT b 
Pb8Ni2:LT c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT
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in σac due to rise in frequency of applied field. The 
frequency which marks boundary between dispersion 
region and plateau region is defined as characteristic 
frequency (ωp), also known as hopping rate.

3.8 �Jonscher’s�plots

The Jonscher’s power law explains the temperature 
and frequency dependency of electrical conductivity 
through a standard equation [27].

Figure 10 depicts Jonscher’s plot for PbLT and 
PbNiLT and exhibits dispersive nature due to exist-
ence of AC conductivity in higher frequency part of 
dielectric spectrum. The values of Jonscher’s param-
eters s and A are obtained from the slope and inter-
cept of the Jonscher’s plots and are given in Table 10.

The highest value of polarizability strength A is 
found for PbLT. The adding Ni in PbLT decreases 
its polarizability strength A. Now, due to direct rela-
tion between dielectric constant and polarizability 

Table 8  Thermal decomposition stages with reaction involved

Sample code Temperature 
interval (oC)

Expected reaction Theoretically 
obtained mass loss 
in % 

From TG plot 
obtained mass loss 
in % 

(a) Pure Pb: LT 30–215 Almost Stable, No reaction 00 00
215–275 PbC4H4O6·H2O →  PbC4H4O6 +  H2O 05.00 4.50
275–330 PbC4H4O6 →  PbCO3 +  CH4 + 2CO + 1/2O2 29.00 30.00
330–650 PbCO3 → PbO +  CO2 40 41.00

 (b) Pb8Ni2: LT 30–225 Stable, No reaction 00 00
225–270 Pb0.989Ni0.011C4H4O6∙0.5H2O →  Pb0.989Ni0.011C4H4O6 + 

0.5H2O
02.50 02.00

270–320 Pb0.989Ni0.011C4H4O6 →  Pb0.989Ni0.011CO3 +  CH4 + 2CO + 
1/2O2

27.00 27.00

320–600 Pb0.989Ni0.011CO3 →  Pb0.989Ni0.011O +  CO2 39.00 39.6
(c) Pb6Ni4:LT 30–225 Stable, No reaction 00 00

225–270 Pb0.982Ni0.018C4H4O6∙0.6H2O →  Pb0.982Ni0.018C4H4O6 + 
0.6H2O

03.00 03.07

270–320 Pb0.982Ni0.018C4H4O6 →  Pb0.982Ni0.018CO3 +  CH4 + 2CO + 
1/2O2

27.00 27.00

320–700 Pb0.982Ni0.018CO3 →  Pb0.982Ni0.018O +  CO2 44.00 39.4
 (d) Pb4Ni6:LT 30–225 Stable, No reaction 00 00

225–280 Pb0.979Ni0.021C4H4O6∙1.03H2O →  Pb0.979Ni0.021C4H4O6 + 
1.03H2O

05.00 05.33

280–330 Pb0.979Ni0.021C4H4O6 →  Pb0.979Ni0.021CO3 +  CH4 + 2CO + 
1/2O2

29.00 30.00

330–700 Pb0.979Ni0.021CO3 →  Pb0.979Ni0.021O +  CO2 40.00 41.00
(e) Pb2Ni8: LT 30–225 Stable, No reaction 00 00

225–270 Pb0.977Ni0.023C4H4O6∙0.5H2O →  Pb0.977Ni0.023C4H4O6 + 
0.5H2O

02.50 03.00

270–320 Pb0.977Ni0.023C4H4O6 →  Pb0.977Ni0.023CO3 +  CH4 + 2CO + 
1/2O2

28.00 29.00

320–600 Pb0.977Ni0.023CO3 →  Pb0.977Ni0.023O +  CO2 40.00 39.80

Table 9  The correct stoichiometric formula

Sample code The correct stoichiometric 
formula from TGA 

(a) Pure Pb:LT PbC4H4O6·H2O
(b) Pb8Ni2:LT Pb0.989Ni0.011C4H4O6∙0.5H2O
(c) Pb6Ni4:LT Pb0.982Ni0.018C4H4O6∙0.6H2O
(d) Pb4Ni6:LT Pb0.979Ni0.021C4H4O6∙1.03H2O
(e) Pb2Ni8:LT Pb0.977Ni0.023C4H4O6∙0.5H2O
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of molecules, i.e., higher polarizability of molecules 
is obtained for higher the dielectric constant of the 
material and vice versa. On this basis, similar trend of 
variation is observed for polarizability strength and 
dielectric constant of PbLT and Ni-added PbLT. The 
value of s in Jonscherʹs equation determines criteria 
of conduction mechanism [28–33].

The present study indicates the least exponent s 
values for PbLT, indicating the highest interaction 
of the mobile ions with lattice. The increase in the 
exponent s values is because of the Ni addition in 

PbLT indicating the decrement in interaction of the 
mobile ions with lattice around them as the presence 
of nickel occurs at grain positions. Further, a non-
zero value of exponent s in the dispersive region of 
conductivity plot is attributed to the energy stored 
in the short-range collective motion of ions [34]. A 
higher value of s for nickel-added PbLT crystals 
implies that large energy is stored in such collective 
motions.

Fig. 7  Dielectric constant (εʹ) curves a Pure Pb:LT b Pb8Ni2:LT 
c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT

Fig. 8  Variation of (εʺ) with angular frequency for a Pure Pb:LT 
b Pb8Ni2:LT c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT

Fig. 9  The σac versus angular frequency plots for a Pure Pb:LT b 
Pb8Ni2:LT c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT

Fig. 10  Jonscherʹs curves for a Pure Pb:LT b Pb8Ni2:LT c 
Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT
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3.9 �Impedance�and�modulus�spectroscopic�
studies

Impedance and modulus spectroscopy are quite 
versatile to analyze various samples electrically and 
study their microstructural contributions [35–37]. The 
complex impedance and modulus study of PbLT and 
PbNiLT crystals were conducted at RT (room tempera-
ture) in the frequency interval 100 Hz to 1 MHz.

3.9.1 �Zʹ�curves

Figure 11 depicts the plots of Zʹ real component of 
complex impedance (Z*) versus angular frequency 
for Pb LT and PbNi LT crystals. All Zʹ curves exhibit 
same trend of variation for angular frequency, i.e., the 
Zʹ reduces in their values as the angular frequency 
increases and thereafter achieves almost a very 
low steady values and tends to merge together and 
becomes frequency independent.

The dispersion at low frequency regime is because 
of the occurrence of polarization and supports a slow 
dynamic relaxation taking place probably due to 
release of space charge at high frequencies [38]. This 
nature also correlated to the increase in AC conductiv-
ity with increase in frequency. The response of Zʹ at 
high frequency interval is due to the release of space 
charge [39]. Comparing the Zʹ curves, the PbLT shows 
the lowest value of Zʹ and correspondingly indicates 
the highest value of AC conductivity. As the Ni con-
tent (Wt%) increases in PbNiLT crystals, the value of 
Zʹ increases and correspondingly the AC conductivity 
decreases.

3.9.2 �Mʹ�curves

Figure 12 shows the plots of the real component of 
complex modulus (M*) versus angular frequency for 

Table 10  Conductivity 
measurements for PbLT and 
Ni-added PbLT crystals

Sample no DC conductivity 
(σdc ×  10–7) (S/m)

AC conductivity 
(σac ×  10–5) (S/m)

s A ×  10–9

(S  m−1  rad−n)

(a) Pure Pb:LT 7.97 2.71 0.49 6.76
(b) Pb8Ni2:LT 1.54 1.43 0.53 4.74
(c) Pb6Ni4:LT 1.41 1.16 0.67 0.54
(d) Pb4Ni6:LT 0.56 0.59 0.80 0.31
(e) Pb2Ni8:LT 0.48 0.58 0.81 0.24

Fig.11  A plot of a Zʹ versus logω for a Pure Pb:LT b Pb8Ni2:LT 
c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT Fig. 12  A plot of Mʹ versus logω for a Pure Pb:LT b Pb8Ni2:LT 

c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT
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PbLT and PbNiLT crystals. In the plots, the Mʹ values 
are very small and approaches to zero indicating the 
removal of electrode polarization occurring [40, 41]. 
Further, the small value of Mʹ in low frequency part is 
due to the shortage of restoring forces are prevailing 
[42], but with the conduction mechanism controlled by 
the long-range mobility of charge carriers [43].

The value of Mʹ increases as the angular frequency 
increases and reaching to maximum value in high 
frequency part confirms the distribution of relaxation 
processes [44] and control of conduction mechanism 
by short-range mobile charge carriers [45]. The reason 
for dispersive nature of Mʹ is because of spread of con-
ductivity relaxation in different frequency ranges and 
further gives concurrence by the presence of loss peaks 
in the plots of imaginary part of electric modulus (Mʺ) 
versus angular frequency. The Mʹ plots of Fig. 12 show 
no peaks, which is due to the fact that the real compo-
nent (Mʹ) of complex electrical modulus is equivalent 
to the real component of complex permittivity (εʹ), i.e., 
Mʹ represents the ability of the material to store the 
energy [46]. Very small values of Mʹ for all the samples 
within lower frequency region result from the increase 
in the mobility of charge carriers.

3.9.3 �Zʺ�curves

Figure 13 shows the plots of imaginary component 
(Zʺ) of complex impedance (Z*) versus angular fre-
quency for PbLT and PbNiLT crystals. In Fig. 13, the 
Zʺ exhibits higher value in low frequency because of 

contributions of space charge polarization and its dec-
rement is found at high frequencies [38].

The nature of Zʺ curves indicates possibility of 
existence of a minor relaxation peak by moving to 
low frequency part in the case of PbLT crystals, which 
might be shifted toward further lower frequency side 
with increasing height with increase in concentration 
of nickel (Wt%) in PbLT crystals. However, this low 
angular frequency part where the peaks are expected 
to occur below the frequency range is used in the 
study. In the Zʺ curve, the peak heights are showing 
proportionality to the bulk/grain resistance (Rg) [47]. 
The peak height increments of Zʺ curves of PbNiLT 
in comparison to PbLT indicate increase in the imped-
ance values and together the peak displacement to 
low angular frequency part implies the increase in 
the grain relaxation time τg. The Zʺ curves become 
frequency independent and merge together in high 
angular frequency part as a reason of the space charge 
release in PbLT and PbNiLT crystals [39]. Further, the 
shift in relaxation peaks toward the origin, i.e., the 
lower frequency side, indicates a decrement in the rate 
of charge carrier hopping.

3.9.4 �Mʺ�curves

Figure 14 shows the graphs of imaginary compo-
nent (Mʺ) of complex modulus (M*) versus angular 
frequency for PbLT and PbNiLT crystals. Figure 14 

Fig. 13  A plot of Zʺ versus logω for a Pure Pb:LT b Pb8Ni2:LT 
c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT

Fig. 14  A plot of Mʺ versus logω for a Pure Pb:LT b Pb8Ni2:LT 
c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT
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depicts that Mʺ is very low, i.e., approaches to zero 
in the low frequency region, indicating the negligible 
electrode polarization [38]. The Mʺ curves acquire a 
single relaxation peak in the angular frequency region 
studied, implying that Mʺ curves represent the grain 
effect contribution only [39, 48]. The left-hand side 
part from the peak Mʺ gives the range where the 
charge carriers are delocalized and show the long 
ranged mobility, i.e., in other words doing success-
ful hopping from one site to the other neighboring 
site. On the other hand,  considering the region, right 
hand side of the peaks where the charge carriers are 
localized and confined to the potential wells prevailing 
and exhibit the short-range mobilities [41, 46, 58, 59]. 

The peak (Mʺmax) shifting toward low frequency 
side is due to Ni addition in Pb LT. This can be attrib-
uted to some variation in microstructure and cation 
distribution in the samples. Further, the irregular and 
asymmetric broadening of peaks indicates general dis-
tribution of relaxation time that specifies the existence 
of non-Debye type relaxation in the materials.

3.9.5 �Complex�modulus�spectrum

The plots of Mʺ versus Mʹ, known as a complex 
modulus spectrum or as a Cole–Cole plots, indicate 
the mutual dependency of (Mʹ) and (Mʺ) of complex 
modulus [42, 49] as shown in Fig. 15. The plots indi-
cate single broad humps or arcs corresponding to 

single relaxation peaks over whole frequency range, 
suggesting the grain contributions in all the samples. 
The centers of these arcs or semicircles do not fall on 
the x-axis or the real axis suggesting the non-Debye 
type relaxation in all the samples and spread of relaxa-
tion. Figure 15 shows the lowest arc observed for Pb 
LT, indicating the highest grain capacitance of that 
sample.

By increasing content of Ni (Wt%) in Pb LT, the 
diameter or broadness of the arcs increases systemati-
cally, which consequently decreases the grain capaci-
tance for these samples.

3.9.6 �Complex�impedance�spectrum

The plots of Zʺ versus Zʹ, known as complex imped-
ance spectra also known as Nyquist plots, show the 
mutual dependence of (Zʹ) and (Zʺ) [42, 49]. The 
Nyquist curves of PbLT and Ni-added Pb LT are 
shown in Fig. 16. The curves are fitted with software 
Z view.

The formation of semicircular arc is obtained by 
extension of each curve bending toward real axis 
or X-axis. The formation of semicircles depends on 
strength of relaxation and frequency range [50, 51]. 
For all samples, the high frequency parts of arcs 
pass through the origins of the plots. The centers 
for each semicircle arcs are below the real axis, i.e., 
the depressed semicircles are found, which hint the 
prevalence of a non-Debye type of relaxation for all 
the samples. Total impedance of the polycrystalline 
material has contribution of grain, grain boundaries, 

Fig. 15  Complex modulus spectrum for a Pure Pb:LT b 
Pb8Ni2:LT c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT

Fig. 16  Complex impedance spectrum for a Pure Pb:LT b 
Pb8Ni2:LT c Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT
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and sample/electrode interface [52]. In the present 
case, single semicircular arcs are observed for Pb LT 
as well as Ni-added PbLT crystals over the whole 
frequency range under study indicating grain con-
tribution to the total impedance of these crystals. The 
effect of Ni addition in PbLT is reflected by gradual 
increase in diameter of semicircular arcs indicating 
increase in grain resistance due to Ni addition in 
PbLT as mentioned in Table 11. The electrical mod-
eling of microstructure is indicated by R-CPE paral-
lel circuit as shown by inset Fig. in Fig. 16, which is 
fitted well with Nyquist curves indicating the corre-
lation between electrical processes occurring within 
the material and microstructure.

In Fig. 16, the smallest semicircle is found for 
the PbLT crystals. As the content of Ni in PbNiLT 
increases, the diameter of the semicircular arc progres-
sively increases. Such trends of variation in the diame-
ters of Nyquist curves are indicating the increase in the 
values of grain resistance and, accordingly, reduction 
in the conductivity values of the crystals. The values 
of the grain resistance (Rg) and capacitance (Cg) are 
summarized in Table 11. The data are fitted with soft-
ware Z view for equivalent circuit. Using Eq. (1), the 
relaxation times pertaining to grains were obtained.

The amount of deviation from pure capacitor (αg) 
for a grain can be calculated using standard equation 
which is given elsewhere [39]. The value of αg is unity 
in the case of pure capacitor and it is zero for pure 
resistor.

Table 11 indicates lowest grain relaxation time in 
PbLT. As the concentration of nickel (Wt%) is increased 
in PbLT, the grain relaxation time increases, which 
shows that the presence of nickel raises the relaxation 

(1)�
g
= R

g
C
g

process of grain present in the samples. Further, the 
values of αg increase by increasing Ni concentration in 
PbLT. This indicates that the system moves toward the 
ideal capacitive behavior.

To recognize the relaxation process, present within 
all the samples clearly, the Bode plot is considered. 
Bode plots for all the samples are presented in Fig. 17.

The plots of phase of impedance versus angular fre-
quency show that at lower frequencies the plots fall 
apart and at higher frequencies they merge together 
and hence the observed behaviors confirm the contri-
butions from the grains only and the relaxation mecha-
nisms can be shown by the equivalent parallel R-CPE 
circuits [39].

Table 11  Equivalent circuit parameters for the grown crystals

Sample Code Rg(MΩ) Cg (pF) τg (ms) αg

(a) Pure Pb: LT 19 7.41 0.140 0.83635
(b) Pb8Ni2: LT 107 7.40 0.791 0.89215
(c) Pb6Ni4:LT 120 5.29 0.634 0.93739
(d) Pb4Ni6:LT 282 4.46 1.257 0.94933
(e) Pb2Ni8:LT 346 2.07 0.716 0.95028

Fig. 17  Bode plot a Pure Pb:LT b Pb8Ni2:LT (c) Pb6Ni4:LT d 
Pb4Ni6:LT and e Pb2Ni8:LT

Fig. 18  Scaling of Mʹʹ for a Pure Pb:LT b Pb8Ni2:LT c 
Pb6Ni4:LT d Pb4Ni6:LT and e Pb2Ni8:LT
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3.9.7 �Scaling�behavior�of�Mʺ

To achieve the further information about the depend-
ence of the relaxation dynamics on various factors 
such as temperature, structure, and the concentration 
of the charge carriers, the scaling behavior of Mʺ can 
be studied [46, 53]. The scaled Mʺ at room tempera-
ture is plotted against scaled angular frequency ω for 
PbLT and PbNiLT crystals as shown in Fig. 18. The 
Mʺmax and ωmax are employed as the scaling param-
eters for Mʺ and ω. As found from Fig. 18 and Fig. 14 
that all modulus spectra for all the samples are over-
lapping but fail to merge in a single master curve, i.e., 
remains clear enough to be recognized. As the present 
investigation deals the effect of Ni addition on modu-
lus properties PbNiLT crystals at room temperature, 
these results indicate that the relaxation dynamics 
occurring within the samples are dependent on the 
concentration of the charge carriers and that varies as 
per the Wt% of nickel in PbNiLT crystals.

The asymmetrical shapes of the plots indicate the 
deviation of dielectric relaxation process from the 
pure Debye behavior and existence of distribution of 
relaxation times. The non-symmetric normalized mod-
ulus plot corresponds to the non-exponential nature 
of the electrical function, which is described by the 
Kohlrausch-William-Watts exponential function [46, 
53, 54] for the evaluation of exponential parameter (β). 
Presently, the FWHM (full width at half maximum) of 
Mʺ versus logω plots is found by applying Gaussian 
type curve fitting. The evaluated values of parameter 
β for grain relaxation are compiled in Table 12.

The β = 1 suggests Debye type relaxation, but as the 
β becomes smaller the higher is the deviation from 
Debye type relaxation. Presently, the value of β for 
pure crystal of PbLT is near to 1 and as the Wt% of 
Ni is increased in PbLT, the β moves away from one, 
indicating increase in deviation from Debye type 
relaxation.

There are several studies carried out using imped-
ance spectroscopy on various materials in terms of 

effect of temperature on magnetite nano-particles to 
understand metal–semiconductor and semiconduc-
tor–metal transitions [55]; effect of dopant in KDP 
crystals [56]; role of doping in  Sr2-xCaxNiWO6 [57]; 
effect of doping in  CoS2 thin films [58]; lead–cobalt 
levo-tartrate crystals [59]; and effect of Cu and Cr 
doping in barium hexa-ferrite [60]. The present work 
describes the effect of Ni addition on impedance prop-
erties clearly in lead levo-tartrate (PbLT) crystals. The 
AC electrical properties are important to explore to 
find its applications.

4 �Conclusions

Dendrite crystals for pure Pb LT and Ni-added PbLT, 
i.e., PbNiLT were harvested by the single diffusion 
gel growth method. Dendrite and white PbLT were 
observed throughout the gel, starting from the gel–liq-
uid interface. Dendrite-type crystals with changing 
density and coloration were obtained for PbNiLT crys-
tals which depended on the volume concentration of 
the content lead and nickel. The elemental analysis 
confirmed major participation of Pb compared to Ni 
in compound formation due to its smaller hydrated 
radius. Powder XRD study confirmed that pure PbLT 
and PbNiLT crystals exhibited orthorhombic system 
and single phase in nature. The value of strain and 
crystallite size were calculated and reported. From 
FTIR spectra of pure PbLT and PbNiLT crystals, the 
C=O, C–H, C–O functional groups presence and 
water of hydration, and metal–oxygen group were 
confirmed. From the thermo-grams, it was noted that 
the crystals are decomposed by three stages, namely, 
anhydrous, carbonate, and oxide. Further, Ni addition 
slightly increased thermal stability of PbLT. Various 
AC electrical properties were studied in detail with 
variation of angular frequency. The dielectric inves-
tigations revealed classical dielectric behavior. The 
value of dielectric constant decreased in higher fre-
quency regime. The nature of dielectric loss curve was 
in accordance with dielectric constant curves. The Ni 
addition in Pb LT reduced its dielectric constant and 
consequently its grain capacitance Cg. The decrement 
in grain capacitance Cg due to nickel at grain posi-
tions reduced the dielectric loss of Ni-added Pb LT 
crystals. The AC conductivity values increased with 
frequency and indicated decrease in AC conductivity 
due to increased grain resistance on Ni addition in 
PbLT crystals. The Jonscherʹs power law obeyed PbLT 

Table 12  Exponent 
parameter (β) values for PbLT 
and PbNiLT crystals

Sample Code β value

(a) Pure Pb: LT 0.913
(b) Pb8Ni2: LT 0.805
(c) Pb6Ni4:LT 0.697
(d) Pb4Ni6:LT 0.665
(e) Pb2Ni8:LT 0.432
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and PbNiLT crystals. The values of s increased and 
A decreased on increasing Ni content in crystals sug-
gested decrement of mobile ions with lattice surround-
ing as well as decrement in strength of polarizability. 
The Zʹ curves indicated increase in grain resistance, 
i.e., decrease in AC conductivity due to Ni addition in 
PbLT crystals. The Mʹ curves indicated small Mʹ values 
in the low frequency region and continuous disper-
sion and then almost constant values of Mʹ in the high 
frequency part regarding all samples. The nature of 
Zʺ curves indicated the increment in the peak height 
and its shifting toward lower frequency region on add-
ing Ni in Pb LT crystals. The Mʺ curves indicated a 
single peak for PbLT and PbNiLT crystals. The low 
frequency shift in peak position was also observed in 
PbNiLT compared to pure PbLT indicating increase in 
the grain relaxation time. The complex modulus plane 
plot showed single semicircle for PbLT and PbNiLT 
crystals, indicating the grain contributions in sam-
ples. The trend of the complex impedance plane plot 
showed a bending toward real axis in all samples and 
suggested the existence of grain relaxation only within 
the frequency range studied. The same was mod-
eled using R-CPE parallel circuit. As the Ni addition 
increased, the grain resistance increased and the grain 
capacitance decreased. The Bode plot confirmed the 
grain contribution and relaxation mechanisms given 
by the equivalent R-CPE circuit. The scaling behavior 
of Mʺ for all the samples showed overlapped mod-
ulus spectra for all the samples and remained clear 
enough to be recognized which indicates dependence 
of relaxation on concentration of impurity i.e., Wt% of 
Ni. The deviation of parameter β from unity indicated 
the existence of non-Debye-type relaxation samples. 
It is emphasized that the grain resistance (Rg), grain 
capacitance (Cg), and the stretch or deviation param-
eter β varied systematically with increase in Ni content 
in the crystals.
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