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Abstract. Various metal tartrate crystals find different applications. In the
present study pure lead levo-tartrate crystals were grown by using silica hydro
gel as the growth medium. Long, dendrite, dense and white crystals were grown
at the gel-liquid interface. Using complex impedance spectroscopy (CIS) tech-
nique, the complex impedance (Z∗) and modulus (M∗) properties of the crys-
tals were analyzed as a function of frequency within the range from 100 Hz to
400 kHz at room temperature. The complex impedance and modulus plots ex-
hibited the presence of grain (bulk) as well as grain boundary contributions in
the crystals. The M ′′ versus frequency plot revealed two peaks, while the Z′′

versus frequency plot revealed only one peak. It has been found that these peaks
are of Debye type nature.

PACS codes: 84.37.+q

1 Introduction

Many metal tartrates find various applications in different fields, for example,
application of strontium tartrate as an important ferroelectric material [1], ferro-
electric, dielectric, optical and thermal properties of calcium tartrate [2], applica-
tion of iron tartrate as one of the prominent species in apple juice [3], piezoelec-
tric application of cadmium tartrate [4] and addition of lead tartrate in gasoline
to prevent knocking in motors [5]. The gel growth technique is found to be
suitable to grow tartrate compound crystals [6] and many authors have reported
the growth of metal tartrate crystals [6-10], mixed metal tartrate crystals [11-
15] and ternary metal tartrate crystals [16,17]. For pure and mixed metal tartrate
crystals, EDAX, FTIR, Powder XRD, TGA and dielectric characterizations have
been reported but as far as the knowledge of the present authors is concern, very
scanty reports are available in the literature regarding the impedance analysis
of gel grown tartrate crystals [18,19] and no major reports are available in the
literature regarding the modulus and spectroscopic analysis of gel grown tartrate
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crystals. Hence, an attempt is made by the present authors to analyze the lead
levo-tartrate crystals by impedance and modulus spectroscopy.

Complex impedance spectroscopy [20] is an effective experimental technique
used to study the electrical behavior of the sample over a wide range of fre-
quencies and temperatures. This method helps to separate real and imaginary
components of the complex electrical parameters and provides a true picture of
the material properties [21]. Using CIS method, one can resolve the relaxation
contributions, like, bulk properties, grain-boundary properties and electrode in-
terface effects of polycrystalline materials. If these materials have two or more
contributions with different relaxation times, then two or more circular arcs are
observed in their complex impedance plane plots of Z ′ versus Z ′′, where Z ′

and Z ′′ are the real and imaginary parts of the complex impedance plane, re-
spectively, and the complex modulus plane plots of M ′ versus M ′′, where M ′

and M ′′ are the real and imaginary parts of the complex modulus plane, respec-
tively [20,22-24]. The complex impedance plots are useful for determining the
dominant resistance of a sample, but they are insensitive to the smaller values of
the resistances, while the complex modulus plots are useful in determining the
smallest capacitances. Sinclair and West [23] suggested the combined usage of
impedance and modulus spectroscopic plots. The peak heights of the spectro-
scopic plots of Z ′′ versus frequency are proportional to R, i.e., it highlights the
phenomenon of largest resistance, while M ′′ versus frequency plots are propor-
tional to 1/C, i.e., it highlights the phenomenon of the smallest capacitance.

2 Experimental

Sodium metasilicate solution of density 1.05 gm/cm3 was used for the prepa-
ration of gel. Solution of 1 M levo-tartaric acid was mixed with the solution
of sodium metasilicate and the pH of the mixture was set at 4.5. The mixture
was poured in the test tubes of 2.5 cm diameter and 14 cm length to set into the
gel. The gel was set within 5 to 6 days and then supernatant solution of 1 M,
10 ml lead nitrate (anhydrous) solution was gently poured on the set gel without
disturbing the gel surfaces.

All the chemicals were AR grade and obtained from Ranbaxy chemicals. The
following reaction is expected to occur.

Pb(NO3)2 + H2C4H4O6 + nH2O→ PbC4H4O6 · nH2O + 2HNO3

The amount of HNO3 produced is very less in comparison to the nutrients being
supplied to the growing crystals and hence no major limitation is imposed on the
growth of crystals [8,11-14,16,17].

The growth of crystals near the gel-liquid interface was completed within twenty
days. The crystals were dendrite type, dense, long and white. The growth of
crystals inside the test tube is shown in Figure 1.
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Figure 1. Growth of lead levo-tartrate dendrite crystals in test-tube.

3 Characterization Technique

The synthesized sample was ground to very fine powder and made the pellet
without any binder. As the sample is organo-metallic compound, it may react
with the conductive layers of the coating material, the pellet without any coat-
ing was used for the impedance measurement. The density and porosity of the
pellet was not measured but the pellet was prepared by applying a pressure of
5 ton/cm2. The pellet was sandwiched between two identical, circular, smooth
and cleaned electrodes under spring pressure to ensure good electrical contacts
between the electrodes and the sample, so that the parasite capacitance induced
by the presence of air interstices at the interfaces between the sample and the
electrode can be avoided. The real and imaginary parts of complex impedance
were measured for the pelletized sample as a function of frequency ranging from
100 Hz to 400 kHz at room temperature using SI-1260 Solartron impedance/gain
phase analyzer. The inbuilt software controls the measurements and calculates
the real and imaginary parts of impedance. The real (Z ′) and imaginary (Z ′′)
parts of complex impedance (Z∗) were used for the evaluation of the real (M ′)
and imaginary (M ′′) parts of complex electric modulus (M∗) using the equa-
tions [25]:

Z∗ = Z ′ − jZ ′′ , (1)
M∗ = jωC0Z

∗ = M ′ + jM ′′ . (2)

From equations (1) and (2) the equations of real part and imaginary part of com-
plex electric modulus (M∗) can be obtained as:

M ′ = ωC0Z
′′ , (3)

M ′′ = ωC0Z
′ . (4)
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In the equations (2), (3) and (4), ω = 2πf is the angular frequency, f is the
frequency of the applied field andC0 is the vacuum capacitance of the measuring
cell and electrodes with an air gap of the dimension of the sample thickness.
C0 = ε0A/t, where ε0 is the permittivity of free space (8.85 × 10−12 F/m), t
and A are the thickness and the cross-section area of the sample, respectively.

4 Result and Discussion

4.1 Frequency dependence of Z ′ and M ′ at room temperature

Figure 2 shows the frequency dependence of real (Z ′) and real (M ′) components
of the complex impedance and complex modulus at room temperature, respec-
tively, for the pure lead levo tartrate crystals. It is observed from the plot that
the dispersion in the value of Z ′ within the frequency range 100 Hz to 250 Hz
is very small, which is mainly due to polarization and then within the frequency
range 300 Hz to 5000 Hz, a dramatic decrease in the value of Z ′ is observed
with increase in frequency. This indicates the increase in the ac-conductivity of
the sample with the increase in frequency [26] and the presence of space charge
conduction at low frequencies. This also indicates that the capacitive and the
resistive components of the equivalent circuit are active in this range of frequen-
cies [27]. At higher frequencies, theZ ′ achieves nearly a very low constant value
and becomes almost independent of frequency, which indicates the inability of
space charges to follow the high frequency fields [28,29].
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Figure 2: Plots of Z’ versus logf and M’ versus logf 
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At lower frequencies, the Z ′ decreases with the increase in frequency supporting
a slow dynamic relaxation process in the sample, probably due to space charge
that gets released at higher frequencies [28,30-33].

From the plot of M ′ versus log f , it is observed that M ′ reaches almost a con-
stant value at higher frequencies. At lower frequencies M ′ value is very small
and tends to be zero indicating the removal of electrode polarization at the stud-
ied temperature [34,35]. The increasing value of M ′ with increasing frequency
and reaching a maximum value M∞ at high frequency, may be due to the dis-
tribution of relaxation processes over a range of frequencies [36]. The observed
dispersion is mainly due to conductivity relaxation spreading over a range of
frequencies and indicating the presence of a relaxation time, which is accom-
panied by a loss peak in the diagram of the imaginary part (M ′′) of electric
modulus versus frequency. The absence of peak in M ′ diagram at room tem-
perature within studied frequency range is due to the fact that M ′ in complex
electric modulus (M∗) is equivalent to ε′ in complex permittivity (ε∗), i.e., M ′

represents the ability of the material to store the energy [37]. The reduction in
the value ofM ′ at decreasing frequency results from the increase in the mobility
of the charge carriers. It is well known that the orientation of the charge carriers
and molecular dipoles becomes easier at low frequency.

4.2 Frequency dependence of Z ′′ and M ′′ at room temperature

Figure 3 shows the frequency dependence of imaginary (Z ′′) and imaginary
(M ′′) components of the complex impedance and complex modulus at room
temperature, respectively for the pure lead levo tartrate crystals.

The variation of Z ′′ with frequency reveals that Z ′′ value reaches a maximum
(Z ′′max) and showing a relaxation or Debye-type peak. Such a behavior indicates
the presence of relaxation in the sample. The appearance of the peak at low fre-
quency side indicates the grain boundary relaxation mechanism in the sample.
The peak height is proportional to the grain boundary resistance (Rgb), as ex-
pressed in the equation Z ′′ = Rgbωmτ/1 + ω2

mτ
2, where ωm is the relaxation

angular frequency and τ is the relaxation time [38].

The plot of M ′′ versus log f shows two peaks at different frequencies. One at
low frequency ∼ 1011 Hz is attributed to the grain boundaries mechanism and
another one at high frequency ∼ 80380 Hz is attributed to the grain mechanism.
These peaks explain a well defined two semicircles in the M∗ plot. These peaks
indicate the transition from short range to long range mobility, with decreasing
frequency. The low frequency side of the peak represents the range of frequen-
cies in which the ions are capable of moving long distances i.e., performing
successful hopping from one site to the neighboring site, whereas for the high
frequency side, the ions are spatially confined to their potential wells and can ex-
ecute only localized motion [39]. According to ideal Debye theory of dielectric
relaxation, the impedance (Z∗) and the modulus (M∗) maxima peaks occurs at
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Figure 3: Plots of Z’’ versus logf and M’’ versus logf 
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the same frequency and the full widths at half maximum (FWHM) of these peaks
should be less than 1.14 decades [40,41]. In the present case, the peaks of Z ′′

and M ′′ are observed at the same frequency ∼ 1011 Hz and FWHM of Z ′′ and
M ′′ are 1.0270 and 1.1303, respectively, i.e., less than 1.14 decades. This indi-
cates that both the conditions are satisfied and hence, the observed relaxations
are Debye-type.

4.3 Complex modulus spectrum

The complex modulus spectrum of pure lead levo-tartrate crystals at room tem-
perature is shown in Figure 4. It is clear that the modulus plane shows two
semicircles. The intercept of the first semicircle at low frequency side with the
real axis indicates the total capacitance contributed by the grain boundary, while
the intercept of the second semicircle at high frequency side indicates the total
capacitance contributed by the grain [38]. From the intercepts of the plot on the
real axis, the values of the grain boundary (Cgb) and grain (Cg) capacitances are
found 59.5 pF and 40.5 pF, respectively.

4.4 Complex impedance spectrum

In order to obtain a better understanding of polarization mechanisms that exist
in the pure lead levo-tartrate crystals at room temperature, complex impedance
spectrum is drawn in Figure 5.

This plot allows the resistances related to grain, grain boundaries and
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Figure 4: Complex modulus spectrum 

Figure 4. Complex modulus spectrum.

8 
 

4.4. Complex Impedance Spectrum 

In order to obtain a better understanding of polarization mechanisms that exist in the pure 

lead levo-tartrate crystals at room temperature, complex impedance spectrum is drawn in the 

figure 5.  

0.0 5.0x10
5

1.0x10
6

1.5x10
6

2.0x10
6

2.5x10
6

0.0

5.0x10
5

1.0x10
6

1.5x10
6

2.0x10
6

2.5x10
6

-Z
'' 

(o
h
m

)

Z' (ohm)

 

Figure 5: Complex impedance spectrum 
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Figure 5. Complex impedance spectrum.

film/electrode interfaces to be separated because each of them has different re-
laxation times, resulting in separate semicircles in the complex impedance plane.
In Figure 5, the complex plane illustrates two regions, which indicates different
polarization mechanisms within the sample. At high frequencies nearer to the
origin, the figure shows a semicircular arc, which is attributed to the electrical
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properties of a parallel combination of bulk resistance and capacitance of the
pure lead levo-tartrate crystals. At low frequencies away from the origin, the
plot shows another semicircular arc, which is attributed to the distribution of
grain boundary mechanism.

The complex modulus plot of Figure 4 shows two well observed semicircles and
correspondingly two peaks in the plot of Figure 3 of M ′′ versus log f , while
the complex impedance plot of Figure 5 shows a very small semicircle near the
origin at high frequency region and well observed semicircle at low frequency
region but only one peak in the plot of Figure 3 of Z ′′ versus log f . This is
because depending upon the magnitudes of R and C components, different sit-
uations may arise. For instance, if one of the capacitances is much larger than
the other, its associated peak and semicircle will effectively disappear from the
modulus plot [42]. Similarly, if one of the resistances is much lower than the
other, its associated peak and semicircle may effectively disappear or become
too small to observe from the impedance plot. The key point in determining
whether RC elements are detected depends on which plot is used and the rela-
tive magnitudes of the capacitances. The modulus plots give emphasis to those
elements with the smallest capacitances, whereas the impedance plots highlight
those with largest resistances [42].

In order to determine the values of the grain (Rg) and grain boundary (Rgb) re-
sistances, the spectroscopic plot of M ′′ versus log f of Figure 3 is used. The
plot shows two characteristic peaks. The peak at low frequency side corre-
sponds to the grain boundary relaxation mechanism and satisfying the condi-
tion 2πfmaxRgbCgb = 1, while the peak at high frequency side corresponds to
the grain relaxation mechanism and satisfying the condition 2πfmaxRgCg = 1.
Here, fmax corresponds to the relaxation frequency associated with each mecha-
nism. By these relations, Rg and Rgb are evaluated and found to be 48.9 kΩ and
2.64 MΩ, respectively. The very low value of grain resistance (Rg) compared to
grain boundary resistance (Rgb) may be responsible for the non-appearance of
corresponding peak in the spectroscopic plot of Z ′′ versus log f of Figure 3. The
best fit equivalent circuit is shown in Figure 6, which is a parallel combination
of Rg, Cg and Rgb, Cgb connected in series.
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5 Conclusion

Lead levo-tartrate crystals were grown by using silica hydro gel as the growth
medium. The long, dendrite, dense and white crystals were grown at the gel-
liquid interface. The real and imaginary parts of complex impedance and mod-
ulus spectra of the lead levo-tartrate were investigated by using the complex
impedance spectroscopy. The impedance and modulus plots showed the pres-
ence of grains as well as grain boundary contributions in the sample. The Z∗

and M∗ planes lead to lead levo-tartrate fit to the equivalent circuit composed
of two parallel combinations of resistances and capacitances connected in series
due to the grain and grain boundary mechanisms. The M ′′ versus frequency
plot revealed two relaxation peaks, while the Z ′′ versus frequency plot revealed
single relaxation peak and it was found that these peaks were a Debye-type.
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