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Peculiarities of electric current distribution in anisotropic electrically conductive medium are considered and 

dependences of its longitudinal and transverse components on geometrical factors are established. 

In the case of a rectangular plate of length a, height b and width c, the selected crystallographic axes are located 

in the plane of the side face (a × b), and one of these axes is oriented at an angle α to the edge α. Application to the 

upper and lower end faces of the plate of some potential difference leads to the appearance of longitudinal and 

transverse components of the flowing electric current.  This leads to the possibility of transforming the electric 

current magnitude. The methods of optimizing the transformation coefficient magnitude which is determined by 

both the magnitude of the anisotropy of the electrical conductivity of the plate material and the coefficient of its 

shape k = a/b. The design variants of anisotropic electrically conductive transformers are proposed, one of which 

is of the spiral shape is characterized by a high value of the transformation coefficient. 

Information on existing monocrystalline and artificial anisotropic materials is given. The dependence of the 

coefficient transformation m on the magnitude of the anisotropy k of the transforming element material is presented. 

The perspective materials for the real creation of anisotropic electrically conductive transformers with the 

necessary functional characteristics. Silicon can be used in this case. 

The use of this transformation effect makes it possible to expand the practical use of electroohmic phenomena. 

This principle of transformation will expand the areas of its use in metrology and measurement technology. 

Key words: anisotropy, electrically conductive medium, tensor, vector, electric current components, electric 

current, transformer, transforming element. 
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I. Equation of transformation of electric 

current in anisotropic electrically 

conductive media 

In the general case, the electrical conductivity tensor 

�̂� of an anisotropic electrically conducting medium in the 

case when its main crystallographic axes 𝜎11, 𝜎22 and 𝜎33 

coincide, respectively, with the axes ОХ, ОY and OZ of 

the selected laboratory coordinate system ОХYZ, has the 

following form [6]: 

 

 σ̂ = |

σ11 0 0
0 σ22 0
0 0 σ33

|. (1) 

If the vector of the external electric field �⃗� , which is 

applied to such a medium, oriented along one of its main 

crystallographic axes, for example, 𝜎22, coincides with the 

ОY axis, then an electric current 𝜎22 arises in the volume 

of the medium only in this direction: 

 

 𝑗 𝑦𝑦 = �⃗� 𝑦 ∙ σ22. (2) 

 

Electric current is not observed in other 

crystallographic directions of the medium. 

Another situation arises when the electric field vector 

E⃗⃗ y is located in the plane created by the crystallographic 

axes 𝜎11 and 𝜎22, one of which, for example, 𝜎11, is 

oriented at an angle  to the OX axis of the laboratory 

coordinate system (Fig. 1a). This arrangement of the axes 

makes it possible to represent the tensor �̂� in the following 

form:  
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σ̂ =

|

σ11cos
2𝛼 + σ22sin

2𝛼 (σ11 − σ22)sinα · cosα 0

(σ11 − σ22)sin𝛼 · cos𝛼 σ11sin
2α + σ22cos

2α 0
0 0 σ33

|

     
(3) 

 

and is characterized by the presence of both longitudinal 

σ|| and transverse σ┴ components of the electrical 

conductivity tensor σ̂.  

The creation of an electric field voltage E⃗⃗ y  in the 

direction ОY by means of external electrodes leads to the 

appearance of both longitudinal j yy  and transverse j xx 

components of the electric vectors current, which have the 

following form: 

 

 𝑗 𝑦𝑦 = �⃗� 𝑦(σ11cos
2 α + σ22sin

2α), (4) 

 

 𝑗 𝑥𝑥 = 𝐸𝑦(σ11 − σ22)sinα · cosα. (5) 

 

Optimization of values (4) and (5) by angle α – 

(
𝜕𝑗

𝜕𝛼
= 0 ,

𝜕2𝑗

𝜕𝛼2 < 0) shows that their maximum value is 

observed at 𝛼opt= 45: 

 

 𝑗 𝑦𝑦 = 0,5 ∙ �⃗� 𝑦(σ11 + σ22), (6) 

 

 𝑗 𝑥𝑥 = 0,5 ∙ �⃗� 𝑦(σ11 − σ22). (7) 

 

Consider a rectangular plate with length а, height b, 

width 𝑐 (Fig. 1a), which is made of a material with certain 

characteristics of the anisotropy of electrical conductivity 

σ̂. Namely, the crystallographic axes 𝜎11 and 𝜎22 are 

located in the plane of its lateral face (а×b), while one of 

these axes, for example, 𝜎11, is oriented at an angle 𝛼𝑜𝑝𝑡 =

45  to the X axis. Applying to the upper and lower faces 

(а×с) a certain potential difference Uу causes the flow of 

longitudinal 𝐼𝑦   and transverse 𝐼𝑥 electric currents: 

 

 𝐼𝑦 = 𝑈𝑦
σ11+σ22

σ11∙σ22
·

𝑏

𝑎𝑐
, (8) 

 

 𝐼𝑥 = 𝑈𝑦
σ11−σ22

σ11∙σ22
·

𝑎

𝑏𝑐
, (9) 

 

and the transformation ratio 𝑛 of such a device is 

expressed by the formula: 

 

 𝑛 =
𝐼𝑥

𝐼𝑦
=

(σ11−σ22)

(σ11+σ22)
·
𝑏2

𝑎2. (10) 

 

It should be noted, that in the case under 

consideration, transformation of both direct and 

alternating electric currents is possible, in which the value 

of 𝑛 must be determined in the short circuit mode. In this 

case, the lines of the transformed current 𝐼𝑥 are placed at 

an angle  (Fig. 1a), which are determined by the 

following formula: 

 

 𝛽 = arctg
σ11−σ22

σ11+σ22
, (11) 

 

where 𝑚 =
σ11−σ22

σ11+σ22
  is the transformation coefficient of 

the material of the anisotropic transforming plate, 𝑝 =
𝑏

𝑎
 is 

the coefficient of its shape. 

Fig. 2 shows the dependence of the conversion 

coefficient 𝑚 on the anisotropy value 𝑘 of the plate 

material, from which it follows that with increasing 𝑘 the 

value of 𝑚 monotonically increases, reaching saturation at 

𝑘 =  50 (𝑚 =  89.1 %).  

Thus, the application of Ohm's law in anisotropic 

electrically conductive media under certain conditions 

allows to propose a new approach to the transformation of 

electricity. This process can be called an electroohmic 

transformation method [5]. 

 
a)     b) 

Fig. 1. Distribution of density lines of transformed electric currents in the volume of the plate at:  

a)  = 𝛼𝑜𝑝𝑡 = 45,                     b)  = 45 − . 
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II. Design features of anisotropic 

electrically conductive transformers 

(AECT) of alternating current 

In general, the choice of a specific transformer design 

based on an anisotropic electrically conductive material is 

determined by both the features of the physical 

phenomena occurring in it and the conditions of its 

operation [7]. One of the possible design options for a 

device designed to transform an alternating electric 

current is shown in Fig. 3.  

The basis of such a device is a transforming element 

in the form of a rectangular plate 1 – length 𝑎, height 𝑏 

and width 𝑐 (Fig. 1a) from an anisotropic electrically 

conductive material. The selected crystallographic axes 

𝜎11 of the aforementioned plate and 𝜎22 are located in the 

plane of its lateral face (а×b) (Fig. 3), while the 𝜎11 axis 

is located at an angle 𝛼𝑜𝑝𝑡 = 45. The left and right sides 

(b×с) of this plate contain insulating layers 2 with a 

dielectric constant . The outer sides of these layers, in 

turn, contain electrically conductive layers 3, to which 

output electrical leads 6 and 7 are attached. Input electrical 

leads 4 and 5 are located on the upper and lower end (b×с) 

faces of the plate 1. 

This design of the AECT provides a uniform 

distribution of the transforming electric current in the 

volume of the plate 1 and serves as its protector against 

electrical shunting by conductive layers 3. 

An analysis of the distribution of the density of the 

transformed current in the volume of plate 1 showed that 

the orientation of the crystallographic axis 𝜎11 at an angle 

𝛼𝑜𝑝𝑡 = 45 leads to some distortion of its equipotentiality, 

and, accordingly, to a decrease in the value of the 

transformation coefficient. 

 

 
. 

Fig. 3. Schematic design of AECT alternating electric 

current: 1 – transforming element; 2 – electrical insulating 

layers; 3 – electrically conductive layers;  

4, 5 – input and 6, 7 – output electrical contacts. 

 

To eliminate this phenomenon, in some cases, the 

orientation of the 𝜎11 axis must be carried out at an angle 

𝛾 = 𝛼𝑜𝑝𝑡  –  𝛽 (Fig. 1b). In this case, the lines of current 

densities, transformed are not bent, and the value of the 

transformation ratio 𝑛1 will be determined by the 

 
 

Fig. 2. Dependence of the coefficient 𝑚 on the value of anisotropy 𝑘 of the material of an anisotropic electrically 

conductive plate: 1 – for monocrystalline materials, 2 – for artificial anisotropic materials. 
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following expression:  

 

 𝑛1 =
(σ11−σ22) sin γ cos γ

σ11 cos2 γ+σ22 sin2 γ
∙
𝑎

𝑏
. (12) 

 

This constructive approach makes it possible to 

eliminate the curvature of the distribution of electric 

currents in the volume of plate 1. 

The electrical circuit of such a device relative to the 

input electrical terminals 4 and 5 is an active resistance R1, 

whose value is equal to: 

 

 𝑅1 =
σ11+σ22

σ11∙σ22
·

𝑏

𝑎∙𝑐
, (13) 

 

and its output impedance with respect to terminals 6, 7 is 

of the active-capacitive, the value of 𝑍 is determined by 

the following expression: 

 

 Z = √𝑅2
2 +

1

ω2𝑐2 , (14) 

 

where: 

 𝑅2 =
σ11−σ22

σ11∙σ22
·

𝑎

𝑏∙𝑐
,  (15) 

 

 𝑐 = 𝜀 ∙ 𝜀𝑐 ∙
𝑏∙𝑐

2∆
,  (16) 

 

where ∆ is the thickness of the insulating layer, ω = 2𝜋𝑓, 

f  is the frequency of the transforming current. 

Thus, the considered device has an active input and 

active-capacitive output resistance and can be used to 

transform only alternating electric current. 

If necessary, AEСT with a large value of the 

transformation ratio 𝑛, transforming element 1 (Fig. 3), 

which is its basis, is characterized by large linear 

dimensions. This feature leads to some limitation of the 

possibilities of its practical application. This limitation is 

eliminated by the following construction of AEСT shown 

in Fig. 4.  

Such a device consists of a transforming element 1 in 

the form of a plate with length 𝑎, height 𝑏 and width 

𝑐 based on anisotropic electrically conductive material. 

This plate is rolled into a spiral and is a disk of height 𝑏 

with outer 𝑟1 and inner 𝑟2 radii, respectively.  

The upper and lower faces of this disk with area 𝑆 =
𝜋(𝑟1

2 − 𝑟2
2)  contain dielectric layers with thickness ∆1, on 

the outer sides of which in In turn, electrically conductive 

layers with a thickness of ∆2 are placed. Input electrical 

contacts 4, 5 are located, respectively, on the inner and 

outer end faces (𝑏 ×  𝑐) of the disk. The output terminals 

of such a transformer are located on the outer sides of the 

electrically conductive layers 3. One of the side faces 

(𝑎 ×  𝑏) of the transforming spiral element 1 contains an 

electrically insulating layer 8 with a thickness of ∆3 c of a 

dielectric material. 

In this case, the transformation ratio n3, the length of 

the transforming element а and the number of turns N of 

the spiral are related to each other by the following 

relationships: 

 

 𝑎 =
𝜋(𝑟1

2−𝑟2
2) 

𝑐+∆3
   (17) 

 𝑁 =
𝜋(𝑟1−𝑟2) 

𝑐+∆3
 (18) 

 

 𝑛3 =
σ11−σ22

σ11+σ22
∙
𝜋(𝑟1

2−𝑟2
2) 

𝑏(𝑐+∆3)
 (19) 

Comparison of the geometric dimensions of these 

structures shows that at high values of the transformation 

ratio, the second structure is more adapted for its practical 

use. Thus, the spiral design of the AEСT makes it possible 

to reduce its linear dimensions at high values of the 

transformation n3. 

 
 

Fig. 4. Construction of spiral AECT: 1 – a transforming element in the form of a plate with length 𝑎, height 𝑏 and 

width 𝑐 coiled into a spiral with outer 𝑟1 and inner 𝑟2 radii; 2 – electrical insulating layers; 3 – layers; 4, 5 and 6, 7 – 

input and output electrical contacts, respectively; 8 – interturn electrical insulating layer. 
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III. Anisotropic electrically conductive 

materials and their optimization 

Currently, both natural and artificial anisotropic 

electrically conductive materials are known. The first 

class includes, for example, some elements of the fifth 

group of Mendeleev's periodic table of elements such as 

bismuth (Bi) and antimony (Sb), for which 𝑘 =  1.2 ÷
 1.5. The second class should include artificial materials 

that are obtained by sequential synthesis methods and 

directional crystallization, for example, CdSb, Bi2Te3, as 

well as eutectic needle compositions CdSb-CoSb [8], 

ZnAs-As [9], the value of 𝑘 for which is within 1.6 ÷  3. 

The use of such materials in transformers makes it 

possible to obtain the value of the conversion coefficient 

𝑚 =  (9 ÷  60.6)%, which is clearly insufficient for 

solving modern practical problems. A further increase in 

the value of the coefficient 𝑚 is possible in the case of 

using artificially anisotropic materials, the calculation 

procedure for which is given in [10]. 

In the case of representation of an artificially 

anisotropic electrically conductive medium in the form of 

a rectangular parallelepiped of length 𝑙, height ℎ and width 

𝑠 (Fig. 5), made of vertically arranged alternating layers 1 

and 2 with thicknesses d1 and d2, respectively , 

characterized by electrical conductivities σ1 and σ2 (σ1 

σ2). 

The values of the longitudinal σ∥ and transverse σ⊥ 

components of the electrical conductivity tensor σ̂ of the 

medium are determined by the following expressions: 

 

 σ∥ =
σ1𝑑1+σ2𝑑2

𝑑1+𝑑2
, (20) 

 

 σ⊥  =
σ1σ2(𝑑1+𝑑2)

σ1𝑑1+σ2𝑑2
, (21) 

 

and the value of the thickness d1 and d2 are related by the 

following relations: 

 

 d1 = d2√
σ2

σ1
 . (22) 

 

Thus, by selecting the appropriate materials for layers 

1 and 2, as well as their thicknesses, an artificially 

anisotropic electrically conductive material with the 

desired conversion coefficient 𝑚 is obtained. 

For an AECT design with a transforming element 

based on an optimized artificially anisotropic material 

shown in Fig. 6, the transformation ratio 𝑛4 is determined 

by the following expression: 

 

 𝑛4 =
(σ1𝑑1+σ2𝑑2)(σ1𝑑2+σ2𝑑1)−σ1σ2(𝑑1+𝑑2)2

(σ1𝑑1+σ2𝑑2)(σ1𝑑2+σ2𝑑1)+σ1σ2(𝑑1+𝑑2)2
∙
𝑎

𝑏
. (23) 

 

Thus, the possibility of free choice of the appropriate 

materials leads to the real creation of AECT with the 

required functional characteristics. 

Silicon (Si) is especially promising in this respect, 

which, depending on the degree of structural perfection, 

has both dielectric and metallic properties. The use of 

planar technology allows in this case to obtain anisotropic 

electrically conductive materials with 𝑘 =  60 ÷  80. 

Devices based on the transformation phenomenon 

 
Fig. 5. Model of the structure of an artificially anisotropic conductive medium: 1 – a layer of material with 

electrical conductivity σ1 and thickness d1; 2 – a layer of material with electrical conductivity σ2 and thickness d2. 

 
Fig. 6. Anisotropic transforming element with artificial anisotropic material. 



А.А. Аshcheulov, M.Ya. Derevianchuk, D.А. Lavreniuk 

 748 

considered above can be used as matching elements of 

various broadband systems, as well as nodes and blocks of 

electronics, instrumentation, metrology and computer 

technology. 

The use of the considered transformation principle 

will expand the scope of its use in metrology and 

measuring technology. 

 

 

Conclusion 

The possibility of transformation of alternating 

electric current by anisotropic electrically conductive 

media is shown. The above transformation principle will 

expand its use in various fields of science and technology. 
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А.А. Ащеулов1, М.Я. Дерев’янчук2, Д.А. Лавренюк2 

Явище електроомічної трансформації 

1Інститут термоелектрики НАН і МОН України, м. Чернівці, Україна, ashcheulovaa@rambler.ru 
2Чернівецький національний університет імені Юрія Федьковича, м. Чернівці, Україна, m.derevianchuk@ukr.net  

Розглянуті особливості розподілу електричного струму в анізотропному електропровідному 

середовищі і встановлені залежності поздовжньої і поперечної його складових від геометричних факторів. 

У випадку пластини прямокутної форми довжиною a, висотою b і шириною c вибрані кристалографічні 

осі якої розміщені в площині бічної грані (а×b), причому одна з цих осей орієнтована під деяким кутом 𝛼 

до ребра 𝛼. Прикладання до верхньої і нижньої торцевих гранів пластини деякої різниці потенціалів 

приводить до появи поздовжньої і поперечної складових електричного струму, що протікає. Це призводить 

до можливості трансформації величини електричного струму. Проведені методи оптимізації величини 

коефіцієнта трансформації, що визначається величиною, як анізотропії електропровідності матеріалу 

пластини так і коефіцієнтом її форми k = а/b. Запропоновано варіанти конструкції анізотропних 

електропровідних трансформаторів, одна з яких спіральної форми характеризується високим значенням 

коефіцієнта трансформації. 

Приведена інформація про існуючі монокристалічні та штучні анізотропні матеріали. Представлена 

залежність коефіцієнта перетворення m від величини анізотропії k матеріалу трансформуючого елемента. 

Окреслено перспективні матеріали для реального створення анізотропних електропровідних 

трансформаторів із необхідними функціональними характеристиками. В якості такого матеріалу може бути 

використаним кремній. 

Використання даного ефекту трансформації дає можливість розширити практичне використання 

електроомічних явищ. Наведений принцип трансформації розширить області його використання в 

метрології та вимірювальній техніці. 

Ключові слова: анізотропія, електропровідне середовище, тензор, вектор, складові електричного 

струму, електричний струм, трансформатор, трансформуючий елемент. 
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