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Abstract. The paper presents the results of experimental studies of changes in the complex 

permittivity of natural graphene-containing shungites with different carbon content. A tech-
nique for determining the real and imaginary parts of the permittivity for conducting samples is 
presented. The dependences of the dielectric loss tangent and the real part of the permittivity 
on the carbon concentration for three resonant frequencies in the range of 0.05–15 MHz are 
studied.
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Аннотация. В работе представлены результаты экспериментальных исследований 
изменения комплексной диэлектрической проницаемости в природных 
графенсодержащих шунгитах с различным содержанием углерода. Представлена 
методика определения действительной и мнимой частей диэлектрической проницаемости 
проводящих образцов. Исследованы зависимости тангенса угла диэлектрических потерь 
и действительной части диэлектрической проницаемости от концентрации углерода для 
трех резонансных частот в диапазоне 0,05–15 МГц.
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Петра Великого.

Introduction

In modern technologies, materials with improved and new functional properties are used. 
Obtaining such materials is often costly from an economic point of view. Therefore, the study 
of natural objects in order to identify such properties has great prospects. Conductive and high 
frequency properties are among the most demanded. In this regard, the electrically conductive 
properties (with emphasis on the determination of the complex permittivity) of the unique natural 
disordered carbon of shungites from Karelia were studied. A technique for measuring the dielectric 
constant of conducting samples is presented.

Materials and Methods

The parallelepiped samples were made from natural shungite by cutting and subsequently 
grinding the faces. The sample height was 1.5 mm, and the side length was 6.0 mm. Two opposite 
surfaces were metallized by magnetron sputtering of a thin layer of gold in vacuum using argon as 
a working gas. The total impedance and phase shift at frequencies of 0.05–15 MHz were measured 
using an E7-29 immittance meter. The specific conductivity for calculating the dielectric loss 
tangent was determined from the reciprocal value of the electrical resistivity measured at the 
studied current frequency by the two-probe method [1–3]. To obtain resonance characteristics, 
a parallel oscillatory circuit with replaceable inductors in a shielded case was used, connected to 
UP-5. The air condenser for the oscillatory circuit was made of FR-4 foil fiberglass by milling 
square-shaped plates with an area of 37.4 ±0.1 mm2. To arrange the plates at a fixed distance and 
ensure plane-parallelism, 4 spacers were used at the corners of the fiberglass. The distance between 
the plates was 1.95 ±0.01 mm. The plate leads were located on opposite sides to reduce the 
effect on the capacitance. To determine the interturn capacitance of the inductor and the screen 
capacitance, tubular ceramic capacitors with a capacitance of 3.23 ±0.05 pF and 6.25 ±0.02 pF 
were connected in parallel to the oscillatory circuit with an empty air capacitor. Based on the 
obtained resonant frequencies, the additional capacitance caused by the interturn capacitance of 
the coil and the screen capacitance was calculated. The resonant frequencies were determined 
by the method of approximation of the Lorentz function from the graphic dependences of the 
impedance on the frequency [3, 4]. The estimate of the accuracy of calculating the permittivity 
by the method of standard deviations was 16%.

Consider an oscillatory circuit consisting of a coil with inductance L and an interturn 
capacitance CL and an air plane-parallel capacitor connected in parallel with a capacitance C0. 
The inductor is placed in a metal shield to reduce the influence of external electromagnetic field. 
The resonant frequency of an empty circuit is determined by the formula [5]:

 
(1)

where the capacitance of the capacitor is:

 

(2)

S0 is condenser area, d0 is distance between plates, ε0 is vacuum permittivity. 
When a sample is introduced into the gap between the capacitor plates, the circuit frequency 

will change:

 

(3)

where Cx is capacitance of a capacitor with installed sample.
The location of the sample in the measuring capacitor of the oscillatory circuit is shown 

in Fig. 1. Due to the complexity of manufacturing the dimensions of the sample equal to the 
dimensions of the measuring capacitor, as well as the high conductivity of the sample, it becomes 
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Fig. 1. Cross section of measuring 
capacitor with sample

necessary to take into account the capacitance associated with incomplete filling of the area of 
the sample measuring capacitor lining Cδ:

 

(4)

and capacitance due to incomplete filling of the capacitor volume:

 
(5)

where S1 is sample area, d1 is sample thickness.
The measuring oscillatory circuit can be represented as an equivalent electrical circuit in 

Fig. 2, and the capacitance of the measuring capacitor Cx is defined as:

 
(6)

where C1 is capacitance of the capacitor, formed by the sample:
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Fig. 2. Equivalent electrical circuit of a 
parallel oscillatory circuit with a sample

We introduce the following notation:

 

(8)

 (9)

 (10)

Solving Equations (1) and (3) together, taking into account (8–10), we obtain an expression 
for the real part of the permittivity ε' [5–7]:

 
(11)

To determine the interturn capacitance we jointly solve Equations (1, 2, 8) with respect to CL, 
we obtain:

 
(12)

In this case, C1 and C2 are the capacitances of additional capacitors, connected to an unfilled 
measuring capacitor, ∆F is the ratio of the resonant frequencies of the circuit with these additional 
capacitances. The dielectric loss tangent is determined by the formula:
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where σ — sample conductivity:

 

(14)

where Z — sample impedance, φ — angle of phase shift between the current and voltage of the 
probing signal.

The imaginary part of the permittivity is related to the loss tangent by the expression:

 
(15)

The desired complex permittivity:

 

(16)

Results and Discussion

Figures 3 and 4 show the dependences of the permittivity (Fig. 3) and the dielectric loss 
tangent (Fig. 4) on the carbon concentration of shungites at three different resonant frequencies 
of the oscillatory circuit: 2.6, 8.7, and 14.36 MHz. As it can be seen from the figures, at the same 
carbon content, the permittivity somewhat increases with increasing frequency, and the dielectric 
loss tangent decreases, which corresponds to the behavior of ionic relaxation at the indicated 
frequencies.
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Fig. 3. Dependences of the real part of the
permittivity on the carbon concentration 

at different frequencies

Fig. 4. Dependences of the dielectric loss 
tangent  on the carbon concentration 

at different frequencies

Shungites have rather high electrical conductivity (hundreds–thousands of S/m) even at low 
carbon content (from 17% and higher) [1, 2]. Therefore, the dielectric loss tangent of the samples 
is also very significant, but it decreases with increasing frequency (Fig. 4). Thus, at a carbon 
concentration of 5%, with an increase in frequency from 2.6 to 8.7 MHz, tanδ decreases by a 
factor of three, and with an increase in frequency from 8.7 to 14.4 MHz, by one and a half times. 
For high-carbon shungites with a carbon concentration of 90%, with increasing frequency, the 
dielectric loss tangent decreases by 5 and 2 times, respectively. The qualitative behavior of the 
dependences of the loss tangent on the carbon concentration is preserved for all frequencies. 
According to Fig. 4, at a carbon content of 60–70%, the loss tangent begins to saturate and is 
only weakly dependent on concentration. In this case, due to the smallness of the real part of 
the permittivity in comparison with the imaginary one, the qualitative behavior ε'' of the carbon 
content is almost coincident with the dependence of tanδ.

As can be seen from Fig. 3, the real part of the dielectric constant of shungites varies depending 
on the frequency in the range of 0.05–15 MHz and the carbon concentration n in the range 
from 13.5 to 22.5, which corresponds to the values presented in [8]. An increase in the carbon 
concentration leads to a gradual increase in the real permittivity ε' up to n = 60–70%, at which 
the dielectric loss tangent saturates. With a further increase in n, the real part of the permittivity 
sharply decreases. This behavior ε' is associated with an increase in the conductivity of shungite 
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due to the formation of conductive channels from carbon, which leads to a decrease in the 
volume of dielectric inclusions and the area of interboundary regions with the dielectric phase. 
At low carbon content, the main contribution to the dielectric permittivity is made by the ionic 
and dipole nature of the dielectric permittivity; at high carbon concentrations, the dipole nature 
begins to transform into atomic one. The peak at the resonant frequency of 8.70 MHz at n = 70% 
can be associated with the resonant dispersion of the permittivity, which indicates the ionic nature 
of the polarization.

Conclusion

In this paper, the dependences of the dielectric loss tangent and the real part of the dielectric 
constant as a function of carbon concentration for three resonant frequencies in the range of 
0.05–15 MHz are studied. The dielectric permittivity in shungite grows with an increase in 
the carbon content up to n = 60–70%. In this range of carbon concentration, there is a peak 
in the dielectric constant. A further sharp decrease in the permittivity with an increase in the 
carbon content occurs due to an increase in conductivity. The peak at the resonant frequency of 
8.70 MHz at n = 70% indicates the ionic nature of the polarization.
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