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Abstract—Cadmium tartrate is known for piezoelectric application and cobalt tartrate finds application in electrochemical 

depositions. Therefore, in the present study, an attempt is made to grow mixed levo-tartrates of cobalt and cadmium. The 

pure and mixed levo-tartrate crystals of cobalt and cadmium with different volume concentration of cobalt nitrate and 

cadmium nitrate solutions are grown by using gel growth technique. Brownish spherulitic crystals are grown. The EDAX 

study confirms the exact composition of cobalt and cadmium in the grown crystals. The impedance spectroscopic studies 

are carried out on pelletized samples from 100 Hz to 1 MHz frequency range at room temperature. The Nyquist plots 

exhibit one semicircle for pure and mixed crystals of cobalt and cadmium levo-tartrate due to grain contribution only. An 

attempt is made to provide equivalent R-CPE network for the grain contribution. The dielectric constant and dielectric loss 

decreases with increase in frequency. The Jonscher’s power law is studied for ac conductivity and applied to the 

conductivity phenomena in pure and mixed crystals of cobalt and cadmium levo-tartrate. From the detailed impedance and 

dielectric analysis, it is found that different ac electrical and dielectric parameters are sensitive to the addition of cadmium 

and its concentration in cobalt levo-tartrate crystals.    

 

Keywords—ac conductivity, Cobalt cadmium mixed levo-tartrate crystals, dielectric study, gel growth, impedance 

spectroscopy, Jonscher’s law. 

 

I. INRODUCTION 
 

Tartrate crystal of cadmium is well known for its 

piezoelectric application [1] and carbonate solutions 

containing tartrate complexes of cobalt (II) find 

application in an electrochemical procedure of anodic 

deposition of cobalt oxyhydroxide film on a glassy carbon 

substrate in an alkali medium [2]. Earlier, the reports are 

available on structural, thermal, magnetic and dielectric 

studies of cobalt tartrate crystals [3,4]. Whereas, several 

studies like structural, thermal, FTIR, UV-Vis, electrical 

conductivity, optical absorption, micromechanical and 

dielectric studies are reported for cadmium tartrate crystals 

[5-8].  

 

Since, the detailed analysis on dielectric relaxation, 

conductivity mechanism and complex impedance 

spectroscopic studies of pure cobalt levo-tartrate crystals 

and the effect of addition of cadmium do not exist in the 

literature, in the present paper, the authors report the gel 

growth of pure and mixed levo-tartrate crystals of cobalt 

and cadmium and investigation of the complex impedance 

spectroscopy and dielectric spectroscopy at room 

temperature within the frequency range 100 Hz to 1 MHz.   

 

 

II. EXPERIMENTAL 
 

In the present study, the single diffusion gel growth 

technique was employed to grow the mixed crystals of 

cobalt and cadmium levo-tartrate. The growth medium 

was silica hydro gel, which was set by mixing sodium 

metasilicate solution of specific gravity 1.05 with 1 M levo 

tartaric acid solution in such a manner that the pH of the 

mixture was obtained 4.5. This solution was poured in test 

tubes of 150 mm length and 25 mm diameter to set in the 

gel form. The supernatant solution contained the volume 

compositions of cobalt nitrate and cadmium nitrate 

solutions mentioned in table 1. 

 
Table 1. Volume compositions of supernatant solution 

Sample 

No 

Name of supernatant solution 

Co(NO3)2·6H2O Cd(NO3)2·4H2O 

Volume Mol volume Mol 

1 10 ml 1 M 00 ml 00 M 

2 8 ml 1 M 2 ml 1 M 

3 6 ml 1 M 4 ml 1 M 

4 4 ml 1 M 6 ml 1 M 

5 2 ml 1 M 8 ml 1 M 

 

http://www.isroset.org/
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All the chemicals were of AR grade and obtained from 

Sigma Aldrich. The following reaction was expected to 

occur in the formation of cobalt cadmium mixed levo-

tartrate crystals. 

 

(1-X)Co(NO3)2·6H2O(aq) + XCd(NO3)2·4H2O(aq) + 

H2C4H4O6 + nH2O =  

CdXCo(1-X)C4H4O6 nH2O + 4HNO3 + 9H2O + O2                                             

Where, the value of X is to be determined from the EDAX 

analysis exactly. The amount of HNO3 produced is very 

less compared to the nutrients being supplied to the 

growing crystals and hence, no major limitations are 

imposed to the growth of crystals [9, 10]. 

 

Figures 1 (a-d) are the photographs of the crystals growing 

inside the test tubes for the supernatant solutions (a), (b), 

(c), and (d), respectively. 

 
1(a)                   1(b)                1(c) 

 

 
      1(d)                     1(e) 

Figure 1. Growth of crystals in test tubes 

 

It is observed that brownish spherulitic crystals are grown, 

the number density of which are changed as per the 

composition of the supernatant solutions. 

 

III. RESULT AND DISCUSSION 
 

The determination of metallic elements in the crystals was 

carried by the EDAX using Philips Xl – 30. It is found that 

77.66 mass% Co and 22.34 mass% Cd (sample-2), 43.68 

mass% Co and 56.32 mass% Cd (sample-3), 31.65 mass% 

Co and 68.35 mass% Cd (sample-4) and 15.98 mass% Co 

and 84.02 mass% Cd (sample-2) were present in the mixed 

crystals of cobalt and cadmium levo-tartrate. In the mixed 

levo-tartrate crystals of cobalt and cadmium of samples 3, 

4 and 5, the weight% of cobalt is less compared to 

cadmium, which is due to the higher hydrated radius of 

cobalt compared to cadmium. In sample 2, the weight% of 

cadmium is less compared to cobalt, which is due to the 

lowest concentration of Cd
+2

 ions compared to Co
+2

 ions in 

the solution and less tendency to form compound of Cd
+2

 

ions compared to Co
+2

 ions in the solution. 

 

Impedance spectroscopy 

Figure 2 shows the complex impedance spectrum, i.e. 

Nyquist plot at room temperature for samples 1 to 5 over a 

frequency range 100 Hz to 1 MHz. The Nyquist plot of all 

the samples 1 to 5 consists of one region over the whole 

frequency range, indicating grain effect only within the 

range of frequency studied. The effect of addition of 

cadmium in different proportion on impedance 

characteristics of pure cobalt levo-tartrate sample 1 is 

clearly visible in the figure. The impedance property of the 

material under study is characterized by the appearance of 

semicircular arcs whose pattern gradually changes with the 

change in wt% of cadmium. Such patterns, when modeled 

in terms of an equivalent electrical circuit, provides useful 

information related to electrical processes occurring within 

the material under study and their correlation with 

microstructure. 
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Figure 2. Nyquist plots of samples 1 to 5 

 

In the present case, when the Nyquist plot of all the 

samples 1 to 5 is fitted by using the software Z-view, it is 

observed that all the Nyquist plot consist of one region 

over the whole frequency range, indicating grain effect 

only. Generally, the semicircular arcs of the impedance 

pattern can be assigned to a parallel combination of 

resistance and capacitance. But in the present case, the 

presence of grain is modeled using parallel R-CPE circuit 

for all the samples 1 to 5 and it is shown in the figure 3. 
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Figure 3. R-CPE circuit 

 

Instead of capacitance, the CPE, i.e. Constant Phase 

Element is introduced in the circuit due to non-ideal 

capacitive behavior. The capacitance values for all the 

samples 1 to 5 are calculated by using the equation C = 

(R
(1 – α)

∙Q)
1 – α

 [11]. Here, α is the degree of deviation with 

respect to the value of the pure capacitor. Its value is unity 

for the pure capacitor and is zero for pure resistor. As only 

grain effect is dominant in all the samples within the 

frequency range studied, R represents the grain resistance, 

the value of which can be obtained from the intercept of 

each semicircle with real axis. It can be noticed from the 

Nyquist plots of figure 2 that the smallest semicircle is 

obtained for the pure crystals of cobalt levo-tartrate of 

sample 1. Then as the wt% of cobalt is decreased and 

cadmium is decreased in moving from sample 2 to 5, the 

diameter of the semicircle progressively increases with a 

shift of the centre away from the origin of the plot. These 

indicate increase in the value of grain resistance and 

accordingly, decrease in the value of conductivity of the 

samples. The values of the grain resistance and 

capacitance are summarized in Table 2. The relaxation 

time for grain for each sample was calculated by using the 

relation τg = Rg∙Cg. The values of αg show the degree of 

deviation for grain. Both the values are listed in the table 2 

for all the samples 1 to 5.    

 
Table 2. Equivalent circuit parameters of samples 1 to 5 

Sample 

No 

Rg (MΩ) Cg (pF) αg τg (ms) 

1 14.15 24.4 0.904 0.345 

2 42.5 18.0 0.930 0.765 

3 407 16.3 0.925 6.648 

4 395 15.6 0.983 6.171 

5 879 7.62 0.973 6.698 

 

From the table 2, it is observed that the grain relaxation 

time is more in cadmium added cobalt levo-tartrate 

crystals of samples 2 to 5. This indicates that the presence 

of cadmium lowers the relaxation process of grain present 

in the samples. Further, the values of αg are high for 

cadmium added cobalt levo-tartrate crystals of samples 2 

to 5. The increase of the values of αg for grain due to 

addition of cadmium in the pure cobalt levo-tartrate crystal 

shows that the defect or impurities in the grains increase 

due to addition of cadmium. 

 

To recognize the relaxation process present within all the 

samples 1 to 5 clearly, the Bode plot is taken into account. 

Bode plots for all the samples 1 to 5 are presented in figure 

4. 
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Figure 4. Bode plots of samples 1 to 5 

  

The plots show the dependence of phase of the impedance 

on frequency. At lower frequencies and at higher 

frequencies, the observed shapes confirm the presence of 

grain only and relaxation mechanisms expressed by the 

equivalent R-CPE circuits [12]. 

 

Figure 5 shows the variation of the real part of complex 

impedance (Z’) with respect to the applied frequency for 

all the samples 1 to 5. 
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Figure 5. Z’ versus logf curves of samples 1 to 5 

 

It can be seen from the figure that the value of Z’ 

decreases with increase in frequency for all the samples 1 

to 5, indicating the increase of ac conductivity. At higher 

frequencies, Z’ achieves nearly a very low constant value, 

merge together, becomes constant and independent of 

frequency for all samples 1 to 5. This nature may be due to 

the release of space charge [12]. The decrease in the value 

of Z’ with increase in frequency at lower frequency region 
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supports a slow dynamic relaxation process in all the 

samples 1 to 5, probably due to space charge that gets 

released at higher frequencies [13]  

  

Further, the lowest value of Z’ at low frequency is 

obtained for pure cobalt levo-tartrate crystals of sample 1, 

which indicates the highest value of ac conductivity for 

that sample, As cadmium added into the pure sample 1, the 

value of Z’ increases, which shows decrease in the value 

of ac conductivity for the cadmium added cobalt levo-

tartrate crystals of samples 2 to 5. A particular frequency 

at which Z’ becomes independent of frequency is observed 

to shift towards the lower frequency side after addition of 

cadmium into the pure sample 1 of cobalt levo-tartrate 

crystals. This shifting in Z’ plateau towards lower 

frequency side indicates the existence of frequency 

relaxation process in the samples [14] and in good 

agreement with the increase in grain relaxation time τg as 

mentioned in table 2.  

 

Figure 6 shows the variation of imaginary part of complex 

impedance (Z’’) with respect to applied frequency for all 

the samples 1 to 5.  
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Figure 6. Z’’ versus logf curves of samples 1 to 5 

 

In the low frequency region, variation in Z’’ for cadmium 

added cobalt levo-tartrate samples 2 to 5 shows behavior 

similar to Z’. This may be due to presence of space charge 

polarization at lower frequencies and its elimination at 

higher frequencies [13]. In the case of pure cobalt levo-

tartrate crystals of sample 1, Z’’ shows a small peak in the 

lower frequency region, which is shown by an arrow in the 

figure 6. When cadmium is added, the peak is not 

observed (samples 2 to 5) and it might be shifted towards 

lower frequency region with increasing height. However, 

the lower frequency region may be beyond the frequency 

measurement under study to observe this phenomena. The 

increase in the peak height of cadmium added cobalt levo-

tartrate crystals of samples 2 to 5 implies that the 

impedance of the samples 2 to 5 increases and shifting of 

the peak towards lower frequency region implies that the 

grain relaxation time τg also increases. Both the results are 

in good agreement with the results of grain resistance (Rg) 

and relaxation time (τg) mentioned in table 2. Further, Z’’ 

are independent of frequency and merge together at higher 

frequencies due to the release of space charge in all the 

samples [12].         

Dielectric spectroscopy  
Figure 7 shows the variation in dielectric constant as a 

function of frequency for all the samples 1 to 5. The nature 

of the plots shows high value of dielectric constant at 

lower frequency region for all the samples, which can be 

considered as a normal dielectric behavior [15] in pure and 

mixed tartrate compounds [16-18] then it is decreased with 

increase in frequency.    
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Figure 7. Dielectric constant versus logf 

 

Further, the decrease in the value of dielectric constant 

with increasing frequency is in agreement with the Koops 

and Maxwell-Wagner models [19-21]. According to this 

model, the high value of dielectric constant at low 

frequencies can be attributed to the presence of all types of 

polarizations like electronic, ionic dipolar or orientational 

and space charge polarizations. As the frequency 

increases, the inadequacy of the dipoles to follow the 

applied ac electric field, results into the decrease in the 

value of dielectric constant as well as constant value of 

dielectric constant.  

 

Further, it can be noticed that the magnitude of dielectric 

constant is lower for cadmium doped cobalt levo-tartrate 

crystals of samples 2 to 5. As cadmium content is 

increased on moving from sample 2 to 5, the magnitude of 

dielectric constant decreases accordingly. This can be 

explained on the basis of relation between dielectric 

constant and capacitance. The dielectric constant is related 

with the capacitance by the relation K = Ct/εoA, where C is 

the capacitance, εo is the permittivity of free space, t and A 

are the thickness and cross sectional area of the pellet, 

respectively. From table 2, it is observed that the highest 

value of grain capacitance is obtained for pure cobalt levo-

tartrate crystals of sample 1, which results into the highest 

value of dielectric constant. As cadmium is added, grain 
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capacitance is decreased, which results into the decreased 

value of dielectric constant for cadmium added cobalt 

levo-tartrate crystals. As cadmium content is increased on 

moving from sample 2 to 5, the grain capacitance 

decreases accordingly, this results into the decreased value 

of dielectric constant accordingly. 

 

Figure 8 shows variation in dielectric loss as a function of 

frequency for all the samples 1 to 5. 
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Figure 8. Dielectric loss versus logf 

 

The dielectric loss curves are exhibiting the higher values 

for all the samples 1 to 5 at lower frequency and decreased 

gradually as frequency increases. The higher value of 

dielectric loss at lower frequency can be attributed to the 

presence of space charge polarization. The lower value of 

dielectric loss of cadmium added cobalt levo-tartrate 

crystals of samples 2 to 5 is due to the presence of 

cadmium at grain positions reducing the grain capacitance 

and ultimately reduces the dielectric loss. 

 

AC conductivity mechanism 

In the present study, the ac conductivity (σac) value is 

calculated by using the expression σac = ωεoε’’, where ω 

is the angular frequency, εo is the permittivity of free 

space and ε’’ is the dielectric loss. Figure 9 shows the ac 

conductivity variation with respect to frequency for all the 

samples 1 to 5. 
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Figure 9. ac conductivity versus logf 

It is observed from the figure 9 that the ac conductivity 

curves for all the samples 1 to 5 consist of two different 

regions within the measured frequency window limit (i) a 

low frequency flat or plateau region and (ii) a high 

frequency dispersion region. A low frequency plateau 

region in which conductivity remains frequency 

independent up to a certain frequency can be assigned to 

the dc conductivity of the samples, the value of which can 

be obtained by extrapolating the conductivity value to the 

lower frequency [22]. In this region where the conductivity 

is constant, the transportation of the ions takes place on 

infinite paths [23], resulting into the much faster travel of 

the ions and jump from one site to another available site.  

 

The successful hoping of ions to a neighboring vacant site 

contributes to the dc conductivity [24]. A low frequency 

plateau region is followed by a high frequency dispersion 

region in which conductivity continuous to increase with 

increase in frequency. The frequency at the dispersion 

region deviated from the dc conductivity plateau is defined 

as characteristic frequency (ωp), also known as hopping 

rate. The careful observation of figure 9 shows that as the 

cadmium is added in to the pure cobalt levo-tartrate 

crystals of sample 1, the transition from frequency 

independent plateau region to the ac conductivity 

dispersion region shift towards the lower frequency side. 

Thus, the hopping rate (ωp), at which the relaxation effects 

begin to appear, decrease and move towards the lower 

frequency side. This result leads to the conclusion that 

lower the conductivity of the cadmium added cobalt levo-

tartrate samples 2 to 5 compared to pure cobalt levo-

tartrate sample 1, the higher is their relaxation time. This is 

in good agreement with the relaxation time given in table 2 

and the dc conductivity values for all the samples 1 to 5 

given in the table 3. 

 

The frequency dependence of conductivity or so called 

universal dynamic response of ionic conductivity can be 

related by an expression given by Jonscher’s power law  

 

[25], σtotal(ω,T)= σdc(T) + σac(ω) = σdc(T) + A(T)ω
s
,  

 

where σtotal is the sum of dc and ac conductivity, σdc is the 

dc conductivity, A(T)ω
s 

is the ac conductivity due to the 

dispersion phenomena occurring in the material, A(T) is a 

factor having the unit of conductivity, depends on 

temperature but not on ω and s is a power law exponent, 

which is a temperature and composition dependent 

quantity and generally varies between 0 and 1 [26]. The 

exponent s represents the degree of interaction between 

mobile ions with the lattice around them and A determines 

the strength of polarizability [27]. 

 

Figure 10 shows Jonscher’s plot for all the samples 1 to 5. 
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Figure 10. Jonscher’s plot 

 

The Jonscher’s plot of figure 10 shows highly dispersive 

behavior for all the samples 1 to 5 due to the existence of 

ac conductivity. The value of s and A can be calculated 

from the slope and intercept of the plot of figure 10 and 

listed in table 3. 

 

Table 3. Jonscher’s plot parameters and binding energy for 

all the samples 1 to 5 
Sample 

No 

DC 

conducti

vity 

(σdc×10-

9) (S/m) 

AC 

conductivit

y (σac×10-6) 

(S/m) 

s A×10-12 

(S m-1 

rad-n) 

Binding 

energy 

Wm 

(ev) 

1 9.24 5.88 0.757 99.7 0.639 

2 4.53 1.38 0.763 26.1 0.655 

3 1.59 4.47 0.847 14.1 1.015 

4 0.88 0.955 0.886 7.00 1.362 

5 1.14 0.605 0.888 6.40 1.386 

 

From the table 3, one can notice that highest value of 

strength of polarizability, i.e. the value of A, is obtained 

for the pure cobalt levo-tartrate crystals of sample 1. As 

cadmium is added into the pure sample, the value of A 

decreases. In moving from sample 2 to 5, the cadmium 

content is increased gradually, which results into the 

gradual decrease in the value of A. Now, dielectric 

constant is directly related to polarizability of molecules, 

i.e. greater the polarizability of molecules, higher the 

dielectric constant of the material. On this basis, the value 

of strength of polarizability of pure and cadmium added 

samples are in accordance with the dielectric results. 

 

The value of the exponent s in Jonscher’s equation is very 

useful in the prediction of conduction mechanism in the 

crystals. The value of exponent s = 0 indicates frequency 

independent or dc conduction [26], while s = 1 indicates 

that the interaction between neighboring dipoles is almost 

negligible [28,29]. The value of s ≤ 1 indicates that the 

hopping motion involved is a translational motion with a 

sudden hopping [30]. Usually, in case of ionic conductors, 

the value of exponent can lie between 0.5 and 1 indicating 

the ideal long range pathways and diffusion limited 

hopping [31]. In the present case, for all the samples 1 to 

5, it is observed that the value of exponent s lies between 

0.5 and 1 suggesting the above mentioned hopping. 

 

Further, the value of s is found to be low for the pure 

cobalt levo-tartrate sample 1, which could be attributed to 

a high rate of successful jumps, results into high dc 

conductivity [32] as mentioned in table 3. As the cadmium 

is added into the pure sample 1 and increased in moving 

from sample 2 to 5, the value of s increases respectively. 

This could be attributed to the decreased rate of successful 

jumps of ions due to the presence of cadmium at grain 

position, results into the decreased value of dc 

conductivity, respectively. Further, increased interaction 

between mobile ions with the lattice around them leads to 

the decrease in the value of exponents [33]. In the present 

case, the lowest value of exponents for pure cobalt levo-

tartrate sample 1, indicates the highest interaction between 

the charge carriers and lattice. The gradual increase in the 

value of exponent s due to the addition of cadmium in the 

pure sample 1 leads to the decrease in the interaction 

between the charge carriers and lattice, which may be due 

to the presence of cadmium at grain position.    

  

In order to get the information about the type of hopping, 

the composition dependence of exponent s in hopping over 

barrier (HOB) model should follow the equation [34] 1 – s 

= 6kBT/Wm, where kB is Boltzmann constant, T is absolute 

temperature in Kelvin, s is power law exponent and Wm is 

the binding energy, i.e. an energy required to pull out an 

electron completely from one site to another site. The Wm 

values obtained are listed in the table 3. The results show 

that the binding energy is minimum for the pure cobalt 

levo-tartrate sample 1 and then increases as cadmium is 

added into the pure sample. The increase in binding energy 

with increase in cadmium content moving from sample 2 

to 5 corresponds to the increase in s parameter. 

Consequently, the number of free carriers jump over the 

barrier will be decreased. This result leads to the 

confirmation of decrease in ac conductivity of cadmium 

added cobalt levo-tartrate crystals of samples 2 to 5. This 

can be verified from the values of ac conductivity at 1 

MHz frequency listed in table 3. 

 

IV. CONCLUSION 

 

Pure and cadmium mixed cobalt levo-tartrate crystals have 

been successfully grown by gel method. The impedance 

measurement shows only one semicircle for pure and 

cadmium mixed cobalt levo-tartrate crystals suggested the 

presence of grains and the same was modeled using a R-

CPE parallel circuit. It is also observed that the value of 

grain resistance increases with the increase in wt% of 

cadmium in the pure cobalt levo-tartrate sample. The 

relaxation time and capacitance have been observed to 

increase and decrease, respectively with increase in wt% 

of cadmium in the pure cobalt levo-tartrate sample. The 

Bode plots helped to confirm the presence of the grain 

effect only. The value of Z’ increases with the addition of 
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cadmium into pure sample of cobalt levo-tartrate indicate 

decrement of ac conductivity. The Z’’ relaxation peak is 

observed for the pure sample of cobalt levo-tartrate and 

that shifts towards the lower frequency side with 

increasing height due to an addition of cadmium indicating 

increment of impedance of cadmium mixed cobalt levo-

tartrate crystals. Though it is beyond the frequency 

measurement under study, the peaks clearly not appeared. 

The dielectric properties shows the normal frequency 

behavior and are explained on the basis of Koops theory 

and Maxwell-Wagner model.  It is observed that the 

dielectric constant, dielectric loss and ac conductivity 

decreased with the addition of cadmium. The dielectric 

constant and dielectric loss decrease with increase in 

applied frequency due to the inadequacy of electric dipoles 

to follow the applied field. The prepared samples follow 

Jonscher’s power law. From the values of s obtained from 

Jonscher’s power law suggests ideal long range pathways 

and diffusion limited hopping. The binding energy 

increases with increase of cadmium in the pure smple of 

cobalt levo-tartrate. From the detailed study, it is found 

that the addition of cadmium and its concentration in 

cobalt levo-tartrate crystals affects the ac electrical and 

dielectric properties, which is reflected clearly from the 

variation of different parameters studied. 
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