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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 
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on it, which is accompanied by competing spin-dependent processes. The dephasing in WL is determined by 
inelastic processes of scattering of conduction electrons on phonons, D

-
 states, as well as on paramagnetic 

antimony impurities with a mutual spin reversal. Inelastic scattering on D
-
 states is associated with the 

process of their ionization. The energy of the conduction electrons is about 1.3-5 meV, depending on their 
concentration, and the binding energy of the D

-
 state is 1.48 meV. This leads to the process of ionization of 

D
-
 states due to an electron impact. Estimates of the dephasing time of the conduction electrons are carried 

out. As the results showed, the main contribution in this case is made by the processes of ionization of D
-
 

states and scattering on neutral impurities with a mutual spin reversal. The dephasing time varies in a wide 
range (τφ =4 10

-14
-10

-11
 s) depending on the energy of the conduction electrons. 

The MR related to WL in the presence of the spin orbit interaction (SOI) demonstrates peculiar properties. 
The interference additive to WL remaining after the spin flip increases the conductivity. The final sign of the 
correction depends on which spin state gives the greater contribution, singlet or triplet. The intensity of spin-
orbit scattering strongly depends on the atomic weight of the impurity. The effect of the spin-orbit interaction 
is stronger in materials containing heavy elements. In the case of the Si:Sb system, Sb atoms induce SOI in 
silicon with a constant equal to 0.3 meV. 

In the case of spin-orbit scattering on impurity atoms, the dependence of conductivity on the magnetic field is 
significantly different for singlet and triplet spin states. In a weak magnetic field, the main role is played by 
the singlet contribution, which has the opposite sign compared to WL in a magnetic field, which gives PMR. 
As the magnetic field increases and the saturation of the field dependence of the singlet component, the role 
of the triplet contribution increases, which leads to the appearance of a maximum in the PMR first, and then 
the NMR. 

Estimations of the time of spin orbit scattering τso = τ (g/δg)
2
 depending on the momentum relaxation time τ 

have been performed. Here g is the g -factor of a conduction electron, δg is the variation of g-factor due to 
SOI. According to the known results for Si:Sb in the nearest range of the metal to insulator crossover  

δg3 10
-2 

[5]. The value of τ varies in a wide range, 2-10 fs [4]. Accordingly, the time of spin orbit scattering is 
τso = 2 10

-12
 – 10

-11
 s. 

Calculations of the MR were performed within the model of WL for 3D samples considering different 
scattering mechanisms. Theory of WL was developed by many authors. The main results for 3D case were 
obtained by Kawabata [6]. He deduced the main equation for the 3D case. In the present work we apply the 
model [7] in which WL includes mechanisms of scattering on magnetic impurities, spin-flip scattering due to 
SOI, inelastic scattering. 

As a result, the following patterns of MR manifestation in Si:Sb were established. In the region of small 
currents, the singlet contribution, which has the opposite sign compared to WL in a magnetic field, plays the 
main role. In this case, the interference contribution to the conductivity is positive. Sometimes this is called 
anti-localization. This leads to a positive magnetoresistance. In this region of currents, PMR occurs when the 
spin-orbit scattering time is less than the dephasing time, i.e., τso < < τφ. In the region of intermediate current 
densities, the spin - orbit scattering time increases, and as the magnetic field induction increases and the 
field dependence of the singlet contribution saturates, the role of the triplet contribution increases, which 
leads to the appearance of a maximum in the PMR first, and then the NMR. In its pure form, NMR occurs at 
large spin-orbit scattering times, when this process is suppressed by other scattering mechanisms. Since WL 
is dominated by MR, which occurs due to a dephasing of coherent backscattering, the magnetic field gives 
an additional phase difference in the interference of electrons. Its appearance destroys coherence and leads 
to an increase in conductivity. Experimentally, this phenomenon was observed in the form of an NMR. In 
other words, the magnetic field destroys the interference additive to the conductivity and thus suppresses 
WL. This is due to the destruction of the coherence of the conjugated electron waves, since the magnetic 
field introduces a phase difference into the scattering amplitude and thereby reduces the probability of 
localization. As a result, the NMR manifests. 

III. CONCLUSIONS 

The MR of antimony-doped silicon was studied at an impurity concentration of 10
18

 cm
-3

 and a temperature 
of 2 K. It was shown that at low current densities, the manifestation of positive MR is due to the prevailing 
contribution of spin-orbit scattering. At increased current densities, the manifestation of negative MR is 
associated with the suppression of a weak localization by a magnetic field. At intermediate current densities, 
the manifestation of crossovers from positive to negative MR is associated with the competition of spin-orbit 
scattering and inelastic scattering, which causes a dephasing of interfering electrons. 
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I. INTRODUCTION 

Limiting the dimension of the spin sublattice (atoms with a magnetic moment) leads in most cases to the 
destruction of the long-range magnetic order. However, layered van der Waals structures (vdW materials) 
appear low-dimensional magnetism. Recently, the first 2D magnet based on an intrinsic vdW Ising 
compound (FePS3) was exfoliated [1] from crystals with 3D magnetic order. 2D vdW monolayers are a 
promising class of materials as a functional layer in spintronic devices. 

Magnetic exchange energy plays a key role in the formation of magnetic order. This type of energy is 
determined by the integral of the exchange interaction, which characterizes the degree of the electrons wave 
functions overlap (or atomic orbitals). 

The exchange interaction integral is calculated using ab initio simulation and the Heisenberg model. The 
values of the exchange interaction integral can help to establish the ground magnetic order. The article 
presents the results of the exchange interaction integrals calculations for Cr2Si2X6 (where X = S, Se, Te) 
compounds. 

II. RESULTS 

We calculated the exchange interaction integral by using first principles calculations and the classical 
Heisenberg model together. This technique contains two main stages: quantum mechanical (QM) 
calculations and calculation of the exchange interaction integral using the Heisenberg magnetic model. 

At the QM stage, we calculated the energies of atomic systems for various magnetic configurations at 
absolute zero temperature. The ground and excited magnetic states of the system were determined. These 
calculations were performed in a software package VASP, which implements the density-functional theory 
(DFT) method [2]. The main source of DFT simulation errors is inaccurate accounting of correlation energies. 
This is one of the terms that make up the total energy of the system. This should be especially taken into 
account in materials with localized (narrow) zones (d-electrons) due to an increase in the proportion of the 
correlation component in the energy characteristic of the system. The most common way to help neutralize 
this simulation flaw is the local spin-density approximation (LSDA+U), which was used in this work (U = 3 eV, 
J = 0.9 eV for Cr d-orbitals). 

Exchange interaction integrals are calculated by comparing the value of the total energy obtained in the 
quantum mechanical simulation with the corresponding expression in the Heisenberg model. 

Atomic systems were simulated with preliminary structural relaxation taking into account spin polarization. 
Next, static self-consistent calculations were performed to determine the electronic properties.  

The magnetic exchange interaction weakens sharply with an increase in the distance between interacting 
electrons. Often, this type of interaction is significant only between the two nearest neighboring atoms. While 


