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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 Eo is
propagating along the axis Oz. So the vector potential
in the graphene plane xy is (c = 1):
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A(t):EO{ sin wt, sin(wt+¢) } 1)

2]

Thus spinor describing the electron dynamics in
graphene in conditions of EM field satisfies the equa-
tion [1] (h=1):

0y =vp(p+eA)-oy. (2)

Here o is the Pauli matrixes, v, =10%cm/s is the

velocity on the Fermi surface. The solution of (2) satis-
fies the Floquet theorem [21-25, 27]:

l//(t) = u(t)exp(—igefft) s 3)

where u(t) is the spinor with the terms u1(¢f) and wu(f)
which are the periodic functions with the period 27/ w,
&ff 1s quasienergy [21, 27]. After substitution (3) into
(2) we obtain:

—idu+v,(p+eA)-ou=c¢uu. 4)

The terms of spinor u(t) are expanded in Fourier se-
ries: u(t) = uo + ui(t) + .... Here wuo is the constant term
of spinor u(f). Further the frequency is proposed to sat-

isfy the next condition: @ >>.feE,v; . It can be shown
that u, ~1/@* . Hence in the case of HF radiation we
2 2 2 2

have: ‘”m‘ +‘u0¢‘ << ‘uﬂ‘ +‘uu‘ <<

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(f) = wo + ui(f).

After substitution of the last equality into (4) and aver-
aging over the small oscillations we derive:

2.2 2
UpPrp SIN
FI'E ¢O_

LpP - OU, + o .

Uy = Equll . (5)
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Fig. 1 — Current-voltage characteristic of graphene exposed to
the HF laser radiation with circular polarization. a) Anr = prur,
b) Aur = 3prur, ¢) Aur = 5prur

Here p, =eE,/w. From we find the quasienergy:

=+ (A% +02p? (6)

c=€e’E}lsing/o’ 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

Eott (p)

where Ay

Let the constant electric field with vector E = {E, O}

is applied along the axis Ox. The electric current densi-
ty arising through the axis Ox in the constant relaxa-
tion time 7 approximation is calculated with the follow-
ing formula:

J. = —eT dze’ZZUx (p-
0

P

erEz)fO (p) , @)

where equilibrium  state  function,

fy(p) s

v, (p) =0e, /0p, is electron velocity along the axis Ox.

X

The electron gas is nondegenerate when the next
condition is performed for it:

exp (AHFH_#J >>1, (8)

where y is the chemical potential, 8is the temperature
of electron gas. For the nondegenerate electron gas at
low temperatures (6 << AHF) we obtain from (7):

Ji( : )
I[ \ fl + 22 (E)
In (9) we define: j, =enpwy , a(E)=ev,rE/Ay;, nois

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 E, = p,/er, p,=1/d,

do = 0.246 nm is the lattice constant of graphene). Using
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Fig. 2 — Dependence of diagonal conductivity oxx of graphene
on the magnetic field intensity for different values of gap in-
duced by HF laser radiation. a) Aur = prvr, b) Aur = 2prur,
¢) Aur = 3prur

the normalization condition we find from the inequality
(8) the next condition for the HF electric field ampli-

tude:
E, >> @ ;M . (10)
e o

For the following parameters values [6]: n, =101
cm2, w~1013 g1, 9~77.4 K, inequality (10) gives for
amplitude of HF electric field: E; >> 500V x 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 Eo 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: H :(O, 0, H) Electric field is considered to be

directed along the Ox axis: E=(E,0,0).

In the linear approximation in parameter £ and in
the approximation of relaxation time 7z, the current
density induced by the aforementioned field is

( )

J=e UFTEZ( 1-inr)e,

c eff (1 1)
X [1 - UFp
deff

where @, = evpH [, , J =], +1j, .

Using (11) we find for diagonal conductivity the
next formula:
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Fig. 3 — Dependence of Hall conductivity ox, of graphene on
the magnetic field intensity for different values of gap induced
by HF laser radiation. a) Anr=pror, b) Anr= 2prur,
¢) Aur = 3prur

IS fy (p)
o, =€ Ukr; (1+ wczrz)geﬁ_ (p)

(12)
2.2 2.2
o 1- UzF p- 1 a)cz 12
285 (p) l1+awr
For Hall conductivity we obtain:
fy(p)
o =iy Lt o x
= F Zp: 1+ 0’7" £4(p)
(13)

frosp L
& (p) 1+a’c*

Note that in (12) and (13) a is the function of qua-
simomentum p and amplitude of HF electric field Eo.
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

H, =pg/eve, o, = eznoUF'[/PF , p=7/2).

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 Eo. For the
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next values of the parameters:
w=10Bs-1, E =5103Vxcm-1, ¢=7r/2 we have
Ay =0.4 eV. The calculations show that gap appearing

Up =108 cm x s~ 1,

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
Ayp = eznouér/ Oy >

where conductivity o, 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
o, it is seen from Fig. 2 to increase with increasing of

xx

amplitude of HF field if A, < Hevlr and to decrease

with increasing of amplitude of HF field if A, > Hevir
(Fig. 4, here we define: E,, = apra)‘%/ezuF ).

ACKNOWLEDGEMENTS

The work was supported by the RFBR Project 13-
02-97033 r—povolzhye—a and with the funding of the
Ministry of Education and Science of the Russian Fed-
eration within the base part of the State task
No2014/411 (Project Code: 522).

11. D. Bolmatov, C.-Y. Mou, Physica B 405, 2896 (2010).

12. D. Bolmatov, C.-Y.Mou, J. Exp. Theor. Phys. 110, 612
(2010).

13. D. Bolmatov, C.-Y. Mou, /. Exp. Theor. Phys 112, 102 (2011).

14. V.M. Apalkov, T. Chakraborty, Phys. Rev. B 86, 035401
(2012).

15. V.P. Gusynin, S.G. Sharapov, J.P. Carbotte, Phys. Rev. Lett.
96, 256802 (2006).

16. D. Bolmatov, D.V. Zavialov, J. Appl. Phys. 112, 103703
(2012).

17. Neetu Agrawal (Garg), S. Ghosh, M. Sharma, Int. J. Mod.
Phys. B 27, 1341003 (2013).

18. D. Popa, Z. Sun, F. Torrisi, T. Hasan, F. Wang, A.C. Ferrari,
Appl. Phys. Lett. 97, 203106 (2010).

19. G. Konstantatos, M. Badioli, L. Gaudreau,
M. Bernechea, F.P.Garcia de  Arquer,
F.H.L. Koppens, Nature Nanotech. 7, 363 (2012).

J. Osmond,
F. Gatti,

04003-3


http://dx.doi.org/10.1088/0953-8984/21/32/323201
http://dx.doi.org/10.1080/00018732.2010.487978
http://dx.doi.org/10.1126/science.1156965
http://dx.doi.org/10.1126/science.1156965
http://dx.doi.org/10.1088/0953-8984/19/2/026222
http://dx.doi.org/10.1088/0953-8984/19/2/026222
http://dx.doi.org/10.1103/PhysRevLett.97.266405
http://dx.doi.org/10.1070/PU2008v051n09ABEH006625
http://dx.doi.org/10.1016/j.physe.2007.09.018
http://dx.doi.org/10.1088/0953-8984/20/38/384204
http://dx.doi.org/10.1103/PhysRevB.75.033408
http://dx.doi.org/10.1103/PhysRevB.80.115430
http://dx.doi.org/10.1016/j.physb.2010.04.015
http://dx.doi.org/10.1134/S1063776111010043
http://dx.doi.org/10.1134/S1063776111010043
http://dx.doi.org/10.1103/PhysRevB.86.035401
http://dx.doi.org/10.1103/PhysRevLett.96.256802
http://dx.doi.org/10.1103/PhysRevLett.96.256802
http://dx.doi.org/10.1063/1.4765715
http://dx.doi.org/10.1142/S0217979213410038
http://dx.doi.org/10.1142/S0217979213410038
http://dx.doi.org/10.1063/1.3517251
http://dx.doi.org/10.1038/nnano.2012.60

S.V. KrRYUCHKOV, E.I. KUKHAR’, O.S. NIKITINA

20

21.
22.

23.

24.
25.

26.

217.

. S. Thongrattanasiri, F.H.L. Koppens, F.J. Garcia de Abajo,
Phys. Rev. Lett. 108, 047401 (2012).

M.V. Fistul, K.B. Efetov, Phys. Rev. Lett. 98, 256803 (2007).
S.V. Syzranov, M.V. Fistul, K.B. Efetov, Phys. Rev. B 78,
045407 (2008).

F.J. Lopez-Rodriguez, G.G. Naumis, Phys. Rev. B 178,
201406(R) (2008).

T. Oka, H. Aoki, Phys. Rev. B 79, 081406(R) (2009).

H.L. Calvo, H.M. Pastawski, S. Roche, L.E.F. Foa Torres,
Appl. Phys. Lett. 98, 232103 (2011).
D.S.L. Abergel, T. Chakraborty,
015203 (2011).

Z. Gu, H.A. Fertig, D.P. Arovas, A. Auerbach, Phys. Rev.
Lett. 107, 216601 (2011).

Nanotechnology 22,

28

29.

30.

31.

32.

33.

34.

35.

04003-4

J. NANO- ELECTRON PHYS. 6, 04003 (2014)

. M. Busl, G. Platero, A.-P. Jauho, Phys. Rev. B 85, 155449
(2012).

S.V. Kryuchkov, E.I. Kukhar’, D.V. Zav’yalov, Laser Phys.
23, 065902 (2013).

S.V. Kryuchkov, E.I. Kukhar’,
Elect. Phys. 5, 03005 (2013).
S.V. Syzranov, Ya.l. Rodionov, K.I. Kugel, F. Nori, Phys.
Rev. B 88, 241112 (2013).

S.V. Kryuchkov, E.I. Kukhar’, O.S. Nikitina, Superlattice.
Microst. 60, 524 (2013).

S.V. Kryuchkov, E.I. Kukhar’, O.S. Nikitina, Phys. Wave
Phenomena 22, 25 (2014).

S.V. Kryuchkov, E.I. Kukhar’, Superlattice. Microst. 70, 70
(2014).

S.V. Kryuchkov, E.I. Kukhar’, Physica B 445, 93 (2014).

0.S. Nikitina, <. Nano-


http://dx.doi.org/10.1103/PhysRevLett.108.047401
http://dx.doi.org/10.1103/PhysRevLett.98.256803
http://dx.doi.org/10.1103/PhysRevB.78.045407
http://dx.doi.org/10.1103/PhysRevB.78.045407
http://dx.doi.org/10.1103/PhysRevB.78.201406
http://dx.doi.org/10.1103/PhysRevB.78.201406
http://dx.doi.org/10.1103/PhysRevB.79.081406
http://dx.doi.org/10.1063/1.3597412
http://dx.doi.org/10.1088/0957-4484/22/1/015203
http://dx.doi.org/10.1088/0957-4484/22/1/015203
http://dx.doi.org/10.1103/PhysRevLett.107.216601
http://dx.doi.org/10.1103/PhysRevLett.107.216601
http://dx.doi.org/10.1103/PhysRevB.85.155449
http://dx.doi.org/10.1088/1054-660X/23/6/065902
http://dx.doi.org/10.1088/1054-660X/23/6/065902
http://jnep.sumdu.edu.ua/en/component/content/full_article/978
http://jnep.sumdu.edu.ua/en/component/content/full_article/978
http://dx.doi.org/10.1103/PhysRevB.88.241112
http://dx.doi.org/10.1103/PhysRevB.88.241112
http://dx.doi.org/10.1016/j.spmi.2013.05.036
http://dx.doi.org/10.1016/j.spmi.2013.05.036
http://dx.doi.org/10.3103/S1541308X14010051
http://dx.doi.org/10.3103/S1541308X14010051
http://dx.doi.org/10.1016/j.spmi.2014.03.008
http://dx.doi.org/10.1016/j.physb.2014.04.008

