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Abstract. The magneto-transport properties of a borophene monolayer in a perpendicular magnetic 

field B are studied via calculating the conductivity tensor and resistance under electron-optical phonon 

interaction by using the linear response theory. Numerical results are obtained and discussed for some 

specific parameters. The magnetic field-dependent longitudinal conductivity shows the magneto-

phonon resonance effect that describes the transition of electrons between Landau levels by 

absorbing/emitting an optical phonon. The Hall conductivity increases first and then decreases with 

the magnetic field strength. Also, the longitudinal resistance increases significantly with increasing 

temperature, which shows the metal behaviour of the material. Practically, the observed magneto-

phonon resonance can be applied to experimentally determine some material parameters, such as the 

distance between Landau levels and the optical phonon energy. 
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1 Introduction 

Since the discovery of graphene, other two-

dimensional (2D) materials, such as graphene, 

hexagonal boron nitride, silicene, germanene, 

phosphorene, transition metal dichalcogenides, 

and arsenene, have drawn dramatically increasing 

attention in recent years owing to their unique 

electronic, superconductive, elastic, thermal, 

anisotropic mechanical, optical, and transport 

properties. Recently, there has been intense 

research interest in 2D crystalline boron 

structures, referred to as borophene, because of its 

anisotropic tilted Dirac cone after its experimental 

realization. Since boron locates between 

nonmetallic carbon and metallic beryllium in the 

periodic table, there are merely three valence 

electrons in boron [He] 2 12 2s p . The 2p electron 

and its orbit radius are close to that of the 2s state, 

endowing it with both metallicity and non-

metallicity. Such a unique electronic structure of 

boron enables the formation of highly diverse 

bondings, ranging from strongly covalent two-

centre bonds to metallic-like multi-centre bonds 

[1]. From the first-principles calculations, the 

electronic properties of borophene are studied 

and proved that the Dirac cones are actually 

formed by the zp  orbitals of the inequivalent 

sublattices [2]. The low-energy effective 
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Hamiltonian of borophene [3, 4], the density 

response function [5], the optical conductivity [6], 

the nonlinear Hall effect [7], and the electronic 

dynamics under the action of surface optical 

phonons [8] have been reported. Unlike graphene, 

borophene possesses a powerful anisotropic 

structure, and its electronic and magnetic 

properties can be directionally controlled to 

achieve flexible optical applications [9]. 

On the other hand, when a uniform 

magnetic field is applied perpendicularly to the 

plane of a two-dimensional electron system, the 

energy spectrum of carriers is quantized into 

Landau levels. This quantization leads to some 

novel effects in the system, such as the Hall effect, 

magneto-phonon resonance effect, and 

Shubnikov-de Haas oscillations. The magneto-

transport of monolayer borophene is also 

expected to exhibit interesting behaviours. 

Therefore, in this work, we investigate the 

magneto-transport properties of monolayer 

borophene subjected to a perpendicular magnetic 

field, considering the electron-optical phonon 

scattering effect. The rest of the paper is organized 

as follows. In Sec. 2, we briefly present the 

theoretical model and analytical results for the 

conductivity tensor and resistance. Section 3 

shows numerical results and discussion. Finally, 

the results are summarised briefly in Sec. 4. 

2 Theoretical model and analytical 

results 

We consider a two-dimensional borophene sheet 

where charged carriers move freely in the ( , )x y  

plane. When a uniform static magnetic field B  is 

applied perpendicularly to the borophene sheet, 

namely in the z -direction, the low-energy 

Hamiltonian, established by using the Peierls 

substitution with the vector potential 

 is given as  

  (1) 

where 1( 1) = + −  for the ( )K K valley; e  is the 

electron charge; 
                          

( ) are the velocity components in 

the x and y -direction.  

Also, are the pseudo-Pauli 

matrices. Note that the velocities along the x  and 

y -direction are not identical. The eigenfunction-

eigenvalue problem corresponding to 

Hamiltonian (1) has been reported in detail in 

[10]. The energy and the wave function of a 

charged carrier are given by 

                              (2) 

and 

               (3) 

where 1( 1) = + − corresponds to the conduction 

(valence) band; n  (= 0,1, 2, )  is the Landau 

energy level index; ( )/c c cv l =  is the cyclotron 

frequency with 0 0c x yv v v= and  

 is the spatial coordinate in the 

borophene plane; ( )n X  is the simple harmonic 

oscillator wave function; ( )0 / ,cX x x l= +

 
 and yL are the wave number and 

normalization length in the y -direction [10]. 

Within the linear response theory [11-13], we have 

the general expressions for the longitudinal ( )xx

and the Hall ( )yx conductivity in the borophene 

sheet as 
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 (4) 

 (5) 

where ( )1/ Bk T = with  being the sample 

temperature; A is the normalization area; f  is 

the Fermi-Dirac distribution function for electron 

at state | , 
 , and 

W
  is the transition rate between states   and 

.   In this study, we consider the high 

temperature range so that the electron-optical 

phonon interaction is dominant, and other 

interactions can be neglected. The electron 

transition rate is then given by 

 

          

          (6) 

where  and 
 
are the valley and spin 

degeneracy;  is the Fourier transformation 

of the electron-optical phonon interaction 

potential;  is the overlap integral 

of spin or wave function;  is the distribution 

function of phonons with energy  and wave 

vector q , and 

 

            (7) 

                            (8) 

where 2 2 / 2,cu l q=  2 2 ,x yq q q= +  ( )min , ,m n n=

j n n= −  and ( )j
mL u is the associated Laguerre 

polynomial; opD is the electron-optical phonon 

interaction constant, and   is the 2D mass 

density. 

From the wave functions (3), one can derive 

the following matrix elements needed for the 

calculation of xx  and yx  

2 ,| | c yx l k   =                               (9) 

                             (10) 

 (11) 

 (12) 

We now adopt the assumption that 

phonons are dispersionless, i.e., 

constant and  

Also, we change the summation over yk as

2/

20 0
.

2 2

x c

y

L ly

y
k c

L A
dk d

l






→ =    

Furthermore, from the delta Kronecker in 

Eq. (6) one has  

( ) ,y y yk k q − = and so ( ) ( )
2 2

2 .y cq l 
  − =

 

After some manipulation, we obtain the 

expressions for xx and yx as  

T
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(13) 

 

         (14) 

where we have redenoted and 

Following the collision-broadening model for 

electron-phonon scattering, we replace the delta 

functions in Eq. (13) with the Lorentzians as 

                      (15) 

where  is the broadening parameter that 

depends on the scattering mechanism and has the 

unit of energy. In this calculation, we take 

phenomenologically  

Finally, the longitudinal resistance is 

obtained from the conductivity tensor 

components as [14]  

2 2

xx
xx

xx yx




 
=

+
.                      (16) 

3 Numerical results and discussion 

In this section, we numerically evaluate the 

conductivity tensor and resistance components 

and clarify their behaviour with changing the 

parameters. Figure 1 shows the dependence of the 

longitudinal conductivity on the magnetic field 

strength at two values of optical phonon energy. 

We can see the maxima in the plot of . We can 

explain the physical meaning of these maxima as 

follows. For the case of 
 
meV (the 

dashed curve), the peaks from left to right 

correspond to the magnetic field strength of 2.255, 

4.209, 6.573, and 13.146 T, respectively. We can 

deduce that these peaks satisfy the condition 

                         (17) 

This condition describes the magneto-

phonon resonance in which an electron at the 

Landau level  transits to the level  by 

absorbing an optical phonon of energy . The 

first, the second, the third, and the fourth peak 

correspond to the transition ( , ) (1, 4)n n = , (1, 3) , 

(2, 4) , and (1, 2) , respectively. From the figure, 

we can also see that the longitudinal conductivity 

decreases with increasing magnetic field strength. 

This is reasonable and agrees with that observed 

in semiconductors as well as 2D materials in 

magnetic fields. 

 

Fig. 1. Longitudinal conductivity as a function of 

magnetic field strength at two values of optical phonon 

energy:  meV (solid curve) and  

meV (dashed curve). Here, T = 200 K. 
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In Fig. 2, the longitudinal resistance is also 

plotted versus B  at the phonon energy of 42 

meV. There is an oscillation of the longitudinal 

resistance with the magnetic field. The amplitude 

of the resistance increases with increasing 

magnetic field strength. Also, the resistance has 

minimum values when the conductivity is 

maximum and vice versa, as shown in the figure. 

The dependence of the longitudinal 

resistance on temperature is shown in Fig. 3. It 

can be seen that the longitudinal resistance 

increases considerably with increasing 

temperature. This increase demonstrates the 

metallic characteristic and agrees that monolayer 

borophene is a semimetal where the conduction 

and the valance bands meet at the Dirac point. 

Fig. 4 shows the dependence of the Hall 

conductivity on the magnetic field strength at 

different temperatures. We can see that the Hall 

conductivity increases and then decreases with 

magnetic field strength. Also, the Hall 

conductivity seems to reach saturation in the 

region of very strong magnetic fields.

 

Fig. 2. Longitudinal conductivity (solid curve) and 

longitudinal resistance (dashed curve) versus magnetic 

field strength at the optical phonon energy of 42 meV. 

Here, T = 200 K. 

 

Fig. 3. Longitudinal resistance as a function of 

temperature at B = 2.5T (solid curve) and B = 2T 

(dashed curve). Here,  meV. 

 

Fig. 4. Hall conductivity as a function of magnetic field 

strength at 300 K (solid curve) and 200 K (dashed 

curve). 

4 Conclusion 

We studied the magneto-transport properties of 

monolayer borophene in a perpendicular 

magnetic field under electron-optical phonon 

interaction. The conductivity tensor and resistance 

were calculated by using the linear response 

theory. We found that the magnetic field-

dependent longitudinal conductivity exhibits the 

magneto-phonon resonance effect that describes 

the transition of electrons between Landau levels 

because the material absorbs/emits an optical 

phonon. The Hall conductivity depends strongly 

on the magnetic field strength. Furthermore, the 

longitudinal resistance increases significantly 

with increasing temperature. The obtained results 

give an insight into the magneto-electrical 

transport properties of monolayer borophene in 
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strong magnetic fields at ambient temperature, 

which can open possible applications of the 

material to nano-electronic devices. 
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