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than to a some kind of temporal trap regime that could be associated with quasi-bound states. The results of 
our consideration can be stated as the necessity of alternative approaches to the GQD theoretical 
description. 

In our recent publication [10] it has been demonstrated that electronic properties of such electrically confined 
GQDs can be described by application of the concept of pseudo-potential together with the usage of the 
quasi-relativistic graphene model developed earlier in [11] (see also references in [10]). GQD in this 
consideration is represented as a supercell with a definite type of boundary conditions. These boundaries 
are connected with two topologies of the GQDs: 2D-sphere and 2D-torus. On the basis of this model it has 
been demonstrated a nice correspondence between our theoretical and experimental results [8,9] on quasi-
zero energy part of GQD spectra of a system under consideration contrary to existing toy models (see [4-6] 
and the references therein). 
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I. INTRODUCTION 

In 1931, Majorana and Oppenheimer proposed to consider the Maxwell theory of electromagnetism as the 
wave mechanics of the photon. They introduced a complex 3-vector wave function satisfying the massless 
Dirac-like equations. Before Majorana and Oppenheimer, the most crucial steps were made by Silberstein , 
he showed the possibility to have formulated Maxwell equation in term of complex 3-vector entities. 
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Silberstein writes that the complex form of Maxwell equations has been known before; he refers this to the 
second volume of the lecture notes on the differential equations of mathematical physics by Riemann that 
were edited and published by H. Weber in 1901. 

II. MATRIX FORM IN THE VACUUM 

Let us introduce 3-dimensional complex vector             then equations can be joint into the one 
matrix equation (see notations in [1])  

                      |
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III. MINKOWSKI ELECTRODYNAMICS FOR THE UNIFORM MEDIUM 

Let us introduce the quantities with simple transformation properties under the Lorentz group:  

                              

 where   and   are complex 3-vectors under the group        , the latter is isomorphic to the Lorentz group. 
Let us introduce the new quantities  

                                                  

they are different 3-vectors under the group        . In terms of the variables   and  , the Maxwell 
equations in the uniform medium read in the matrix form  
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where three additional matrices    are used. 

IV. MINKOWSKI CONSTITUTIVE RELATIONS IN THE COMPLEX FORM 

Let us examine how the constitutive relations for the uniform medium behave under the Lorentz 
transformations. We start with these relations in the rest reference frame  

                                     

whence it follows their different representation in terms of complex vectors  

                                                    

                                                    

Let us apply the Lorentz transformations  

                                                   

then we get  

                                                                        

                                                                        

In general, we notice evident modifications of the constitutive relations in the moving reference frame. In this 
point one should distinguish between two cases: Euclidean rotations and Lorentzian boosts. Indeed, for any 
Euclidean rotation we have identities                            therefore in this case the 
constitutive relations preserve their form. However, for any pseudo-Euclidean rotation we have other 
identities 

                                          

therefore the constitutive relations are modified. 

Extensions.The previous results can be extended to more generale media, let us restrict ourselves to linear 
media. Arbitrary linear media is characterized by the following constitutive equations:  

                                                      

 where                     are      -dimensionless matrices. These equations may be re-written in terms 

of complex vectors    :  
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For Euclidean rotations, the constitutive relations preserve their form. For Lorentzian boosts, however these 
relations change their form in the moving reference frame in accordance with the rules  

                                                    

                                                     

V. CONCLUSIONS 

The matrix form of the Maxwell theory in the form of Riemann – Silberstein – Majorana – Oppenheimerand, 
based on the theory of complex rotation group        , may be effectively used in practical calculation when 
studying electromagnetic problems. This representation is closely related to spinor formalism in Maxwell 
theory (see in [2]). 
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I. INTRODUCTION 

Magnetoresistance and magnetotransport in silicon and silicon-based nanostructures has great impact on 
the development of silicon spintronics and quantum information processing [1,2]. This is due to the 
importance of silicon technology and by the non-triviality of spin-dependent processes in silicon doped with 
various impurities. Within this framework, the investigations of the non-linear electrical effects are also 
relevant. Their implementation along with the spin dependent processes can pave the way to a novel energy 
efficient information processing devices based on silicon technology. In Refs. [3,4] authors investigated low 
temperatures non-linear I-V curves in silicon doped by antimony. It was shown that, with the temperatures 
decrease, the crossover from spin-dependent electron hopping (T = 5-20 K) to the activation mechanism (T 
= 1.9-4 K) occurs. During this, with an increase in the current density, a region of negative differential 
resistance arises [3,4].  

In this contribution, the magnetoresistance (MR) of Si doped by Sb with the concentration of Nd=10
18

 cm
-3

 
and temperature T = 2 K within the current range 0.015 – 0.048 A/cm

2
 in magnetic field up to 8 T is 

considered. Samples were grown by Czochralski method. 

II. RESULTS AND DISCUSSION  

The MR was determined from measured I-V curves at T = 2 K and B in the range of 0 – 8 T. Such a 
procedure allows determining the MR and various bias currents. It was obtained that, at 0.0015<j<0.034 
А/cm

2 
the

 
MR is positive (PMR), whereas at j>0.041 А/сm

2 
the MR is negative (NMR). In the intermediate 

current region, 0.034<j<0.041 А/cm
2
 we obtained a series of crossovers from PMR to NMR with the B 

increase. In the latter case, with an increase in the current density, the magnitude of the magnetic field 
induction at which the transition to the NMR occurs decreases. 

System under consideration is characterized by the processes of localization of the injected electrons on the 
neutral states D

0
 of Sb and by the nucleation of negatively charged D

-
 states in the region of relatively small 

currents [3,4]. The concentration of D
-
 states is up to (1-3)10

17
 cm

-3
 [4]. In addition, this region is 

characterized by the drop of the differential resistance (DR) from 300 to 10-20 Ω cm and small time of 
momentum relaxation, 3-5 fs. With the increase of the current density the delocalization of the D

-
 states 

occurs. This process is accompanied by further decrease of the DR down to a few of Ω cm and increase of 
the momentum relaxation time up to 10-15 fs and greater. 

Taking into account the general trend of transition from PMR to NMR with an increase in current density, we 
associate the results obtained with the manifestation of weak localization (WL), the action of a magnetic field 


