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The effective spectrum of electron states of graphene taking into account the action of high-frequency 

laser radiation with elliptical polarization was calculated. Band gap was shown to arise in the graphene 

spectrum in conditions of high-frequency electromagnetic wave. The current-voltage characteristic of the 

graphene exposed to such radiation was studied. Effect of high-frequency electric field on the electron 

magnetotransport in graphene was discussed. 
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1. INTRODUCTION 
 

The investigations of strong electromagnetic (EM) 

fields effect on the electron transport in graphene are 

very intensive last time [1, 2] and are due to unique 

properties of this material. Electric and optical proper-

ties of graphene-based structures are studied theoreti-

cally and experimentally in [3-17]. Graphene is also a 

perspective material for nanoelectronics applications 

[18-20]. Predicted nonlinear optical properties of the 

graphene-based structures give the new opportunities 

for building of the optoelectronic devices. In [5-8] the 

possible applica-tions of graphene for generation of 

terahertz radiation were discussed. 

The influence of a high-frequency (HF) EM radia-

tion on the electron transport in graphene-based struc-

tures was investigated in [21-35]. In [21-31, 33] the gap 

opening in the energy spectrum of originally gapless 

graphene was predicted for HF EM radiation of differ-

ent polarizations. In [21-25, 30] gap opening in gra-

phene was shown to have the nature of the parametric 

resonance. There is the set of qua-simomentum values 

near which the gaps arise in the en-ergy spectrum of 

originally gapless graphene. The explicit form of qua-

sienergy spectrum near the one of such reso-nant val-

ues of quasimomentum was found in [22] by rotat-ing-

wave approximation in the case of weak HF electric 

field. 

Below we consider the graphene exposed to the EM 

radiation with elliptical polarization and calculate the 

qua-sienergy of electron in this case using the Dirac 

equation. 

 

2. EFFECTIVE ELECTRON SPECTRUM OF 

GRAPHENE IN HF EM RADIATION 
 

Let graphene is in the plane xy. EM radiation with 

frequency  and with amplitude of electric field E0 is 

propagating along the axis Oz. So the vector potential 

in the graphene plane xy is (c  1): 

    0 sin , sin
E

t t t  


 
   

 
A . (1) 

 

Thus spinor describing the electron dynamics in 

graphene in conditions of EM field satisfies the equa-

tion [1]  1 : 

 

  Ft
i e     p A σ . (2) 

 

Here  is the Pauli matrixes, 
F

  108 cm/s is the 

velocity on the Fermi surface. The solution of (2) satis-

fies the Floquet theorem [21-25, 27]: 
 

      eff
expt u t i t   , (3) 

 

where u(t) is the spinor with the terms u(t) and u(t) 

which are the periodic functions with the period 2 / , 

eff is quasienergy [21, 27]. After substitution (3) into 

(2) we obtain: 
 

  F efft
i u e u u      p A σ . (4) 

 

The terms of spinor u(t) are expanded in Fourier se-

ries: u(t)  u0 + u1(t) + …. Here u0 is the constant term 

of spinor u(t). Further the frequency is proposed to sat-

isfy the next condition: 
0 F

eE  . It can be shown 

that 2

1
~1u  . Hence in the case of HF radiation we 

have: 
2 2

0 0
u u

 
   

2 2

1 1
...u u

 
  . 

Moreover, these inequalities are performed the bet-

ter, the higher the frequency of the radiation. The 

above allows leaving the first two terms of the Fourier 

series for the components of the spinor: u(t)  u0 + u1(t). 

After substitution of the last equality into (4) and aver-

aging over the small oscillations we derive: 
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Fig. 1 – Current-voltage characteristic of graphene exposed to 

the HF laser radiation with circular polarization. a) ΔHF  pFυF, 

b) ΔHF  3pFυF, c) ΔHF  5pFυF 
 

Here 
0E

p eE  . From we find the quasienergy: 

 

   2 2 2

eff HF F
p    p , (6) 

 

where 2 2 2 3

HF 0 F
sine E      is the semiwidth of the 

gap, induced by the HF radiation [24,25]. The value of 

the gap is maximum for the circular EM radiation 

(  /2). 

 

3. CURRENT-VOLTAGE CHARACTERISTIC OF 

GRAPHENE SUBJECTED TO HF EM RADIA-

TION 
 

Let the constant electric field with vector  , 0EE  

is applied along the axis Ox. The electric current densi-

ty arising through the axis Ox in the constant relaxa-

tion time  approximation is calculated with the follow-

ing formula: 
 

    0

0

d z

x x
j e ze e z f 



  
p

p E p , (7) 

 

where  0
f p  is equilibrium state function, 

  effx x
p   p  is electron velocity along the axis Ox. 

The electron gas is nondegenerate when the next 

condition is performed for it: 
 

 HFexp 1




  
 

 
, (8) 

 

where  is the chemical potential,  is the temperature 

of electron gas. For the nondegenerate electron gas at 

low temperatures  HF
    we obtain from (7): 
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In (9) we define: 
0 0 F
j en  ,   F HF

a E e E   , n0 is 

the surface concentration of charge carriers of gra-

phene. The dependence of current density on the inten-

sity E is shown in figure 1 for different values of ampli-

tude of HF electric field (here 
1 F
E p e , 

F 0
1p d , 

d0  0.246 nm is the lattice constant of graphene). Using 

 
 

Fig. 2 – Dependence of diagonal conductivity xx of graphene 

on the magnetic field intensity for different values of gap in-

duced by HF laser radiation. a) ΔHF  pFυF, b) ΔHF  2pFυF,  

c) ΔHF  3pFυF 
 

the normalization condition we find from the inequality 

(8) the next condition for the HF electric field ampli-

tude: 
 

 0
0

n
E

e




 . (10) 

 

For the following parameters values [6]: 
0
n  1010 

cm–2, ~ 1013 s–1,  ~77.4 K, inequality (10) gives for 

amplitude of HF electric field: 
0
E  500 V  cm – 1. 

 

4. MAGNETOCONDUCTIVITY OF GRAPHENE 

SUBJECTED TO HF EM RADIATION 
 

Let the constant magnetic field is applied along the 

axis Oz. The modification of electron spectrum of gra-

phene by the HF EM radiation leads to the change of 

the graphene magnetoconductivity and the cyclotron 

mass also. Therefore the measurements of graphene 

magnetoconductivity in the presence of HF field give 

the way to determine the energy gap changing. If there 

is a constant magnetic field additionally then the char-

acter of conductivity changing is defined by the relation 

between the amplitude E0 of HF laser radiation and the 

magnetic field intensity H. 

In this section we calculate the magnetoconductivi-

ty of graphene with an energy spectrum modified by 

the HF laser radiation (6). The magnetic field is as-

sumed to be directed perpendicular to the graphene 

plane:  0, 0,HH . Electric field is considered to be 

directed along the Ox axis:  , 0, 0EE . 

In the linear approximation in parameter E and in 

the approximation of relaxation time , the current 

density induced by the aforementioned field is 
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where 2

c F eff
e H   , x y

J j ij  . 

Using (11) we find for diagonal conductivity the 

next formula: 
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Fig. 3 – Dependence of Hall conductivity xy of graphene on 

the magnetic field intensity for different values of gap induced 

by HF laser radiation. a) ΔHF  pFυF, b) ΔHF  2pFυF,  

c) ΔHF  3pFυF 
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For Hall conductivity we obtain: 
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Note that in (12) and (13) c is the function of qua-

simomentum p and amplitude of HF electric field E0. 

Conductivities dependences on the magnetic field in-

tensity are shown in Fig. 2 and Fig. 3 for different val-

ues of amplitude of HF electric field (here 

1 F F
H p e  , 2

1 0 F F
e n p   , 2  ). 

 

5. DISCUSSIONS 
 

The HF EM radiation is shown above to increase 

the band gap in the quasienergy spectrum of graphene. 

The band gap semiwidth is seen from (5) can be regu-

lated by changing of the HF field amplitude E0. For the  

 
 

Fig. 4 – Dependence of diagonal conductivity on amplitude of 

HF electric field. a) H  2H1, b) H  3H1, c) H  5H1 
 

next values of the parameters: 
F

  108 cm  s – 1, 

  1013 s – 1, 
0
E  5∙103 V  cm – 1, 2   we have 

HF
  0.4 eV. The calculations show that gap appearing 

can be registered by measuring of graphene conductivi-

ty in HF electric field. For instance in the absence of 

the magnetic field the gap can be find as 
2 2

HF 0 F xx
e n     , where conductivity 

xx
  can be 

measured experimentally. 

Moreover the presence of the HF electric field gives 

the way of continuous change of graphene conductivity 

at fixed value of magnetic field intensity. Hall conduc-

tivity is seen from Fig. 2 to decrease if the amplitude of 

HF electric field increases. As for diagonal conductivity 

xx
  it is seen from Fig. 2 to increase with increasing of 

amplitude of HF field if 2

HF F
He    and to decrease 

with increasing of amplitude of HF field if 2

HF F
He    

(Fig. 4, here we define: 3 2

01 F F
E p e  ). 
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