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Abstract: Quantum theory of nonlinear absorption of strong electromagnetic wave (EMW)
by confined electrons in two - dimensional (2D) graphene without magnetic field has been
studied by using the quantum kinetic equation in assumption of electron - optical phonon
scattering. The analytic expression of absorption coefficient is obtained in 2D graphene.
The results in this case are compared with the case of the bulk semiconductors show the
difference and the novelty of the results. The results numerically calculated and plotted
show the dependence of absorption coefficient on the photon energy of the
electronmagnetic wave and the temperature of the system in 2D graphene.
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1. INTRODUCTION

Quite recently, there has been considerable interest in the behavior of low-dimensional
systems, in particular, new two dimensional electron gas (2DEG) systems such as quantum
wells, superlattices, silence,... Specially, graphene, as a perfect two-dimensional electron
gas (2DEG) system, has been extensively studied both experimentally and theoretically .
Since the discovery in 2004 [1] Graphene , it is composed of a single layer of carbon atoms
in two dimensional (2D) honeycomb lattice and a unit cell that contains two carbon atoms.
Futhermore, electrons in Graphene show relativistic behavior and can be viewd as massless
charged fermions in 2D space [1, 2] such as photons or neutrinos. We are aware that although
many efforts have been reported to explain different properties of Graphene using a linear
response method [3], a detailed consideration of the EMW absorption in Graphene is still
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lacking. Therefore, studying the absorption effect is timely and expected to increase our
understanding of this new interesting 2D material.

In this paper we theoretically study the nonlinear absorption of strong electromagnetic
wave (EMW) in 2D Graphene without magnetic field by using quantun kinetic equation
method. We will consider the problem in case of the system is subjected to an EMW with
the electric field vector E=E,sinQt (E, and Q are the amplitude and the frequency,

respectively). The results show that the 2D Graphene has various characteristic behaviors
different from traditional 2D systems such as quantum well, doped superlattice, ... [4, 5].
The purpose of this paper is to give clearity expression of nonlinear absorption coefficient
EMW in 2D Graphene.

The paper is organized as follows: In the next section we outline a quantum Kinetic
equation for electrons confined in 2D Graphene. The analytical expression for the nonlinear
absorption coefficient in the case of the electron — optical phonon interaction is obtained in
Sec. I11. The numerical results and brief review are presented in Sec. V. Finally, conclusions
are given in Sec. V.

2. QUANTUM KINETIC QUATION FOR ELECTRONS IN 2D GRAPHENE

2.1. Electron structure and Hamiltonian of the electron — phonon system in 2D
Graphene without magnetic field

In this report, we use quantum kinetic equation method to obtain nonlinear absorption
coefficient in 2D Graphene in the presence of electromagnetic wave. We consider a 2D
Graphene subjected to plane (X —y). The wave function and the corresponding energy [3]
are given by the formula below:
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With L2 is the area of the system, n=+1, and -1 denote the conduction and valence
bands, respectively, and

k,=kcosd, k =ksing, k= Jk2+k? @)

The corresponding energy is given by
L (3)

0
With y =6.46eV.A is a band parameter.

The Hamiltonian of the electron — optical phonon system in 2D Graphene in the second
guantization presentation can be written as:
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where: g, is energy of electron (3), k,q respectively are wave vectors of electron,
phonon, |n,k),|n"k+q) are electron states before and after scattering, respectively.

a ., a, (bg,bq) are the creation and annihilation operators of electron (phonon).

2
|C(q)|2— 7D, is the electron - optical phonon interaction constant,

- 2pL203q

p=17.7x10"°glcm’ is mass density of 2D Graphene, D,, =1.4x10”eV/cm is deformed
potential of optical phonon.

2.2. Quantum kinetic equation for electrons in 2D Graphene

When a high-frequency electromagnetic wave is applied to the system in the y direction
with electric field vector E = E, sin Qt (where E, and Q are the amplitude and the frequency

of the electromagnetic wave), the quantum kinetic equation of average number of electron

fox :<a*’kanvk>t Is:

in af“gt(t) = <[a;ykanyk : H]>t . (5)

Starting from the Hamiltonian (4) and using the commutative relations of the creation
and the annihilation operators, we obtain the quantum kinetic equation for electrons in 2D
Graphene :

1 | (6)
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Where A(t):Hocoth is vector potential, ¢ being light velocity.

Obtaining explicit solutions from Eq. (6) is seen to be very difficult. In this paper, the
first-order tautology approximation method is used to solve this equation. In detail, in Eq.
(6), we use the approximation:

fn,k (tl) ~ ?n,k fn,k+q (tl) ~ Tn,k+q 1:n,k—q (tl) ~ ?n,k—q
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where f ., is the time - independent component of the electron distribution function.

The approximation is also applied for a similar exercise in bulk semiconductor [6, 7]. As the
result, the expression for the unbalanced electron distribution function can be obtained :

eE,-q eE, -q ) exp(-i/Qt)
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where N, is the time-independent component of the phonon distribution function,

J, (x) is the Bessel function and the quantity ¢ is infinitesimal and appears due to the
assumption of an adiabatic interaction of the electromagnetic wave.
2.3. The nonlinear absorption coefficient of strong electromagnetic wave in 2d graphene

The carrier current density formula in 2D Graphene takes the form :

1) =23 k-2 A 1.0 ®
m o hc

Because the motion of electrons is confined along the z direction in a 2D Graphene, we
only consider the in plane (X, y) current density vector of electrons J(t) . Substituting Eq.
(7) into Eq. (8), we find the expression for current density vector:
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And Y f,, (t)=n, is electron density of 2D Graphene.
n,k
By using the electron - optical phonon interaction factor in Eqg. (4) and the Bessel

function [8, 9], from the expression for the current density vector Eq. (10) we establish the
nonlinear absorption coefficient of the electromagnetic wave :

C\/ZE2<
87°0 .
_C\/;T(—EZZ‘C (@) N, >k; [eq sz (005 (G — &0y + o, —KBCY)

n',n,k
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where (X)t means the usual thermodynamic average of X at moment t, and y,_ is the

high-frequency dielectric constants, &(x)is the Dirac delta function. For simplicity, in this
paper, we limit the problem to the cases of k =0,+1, this means that the processes with more

than one photon are ignored:
2
eq-E, | 1(eq-E,
J. == 12
‘1( m,Q? j 4( m,Q? (12)

When the temperature of the system is high (T > 50K), the electron — optical phonon
interaction is higher than other interactions. In this case, electron gas is assumed that non-
generated gas and abided by the Maxwell — Boltzmann distribution. Let assume that phonon
IS not dispersive means is the optical phonon frequency non-dispersion:

ho,=haw, N, = ;Z-)l; (13)
After some calculation, we find the expression for absorption coefficient:
2
oLl L LR
We use the integral results in [9]:
.[:O x"exp(—ux)dx=nlg " (15)

Finally, inserting (15) into (14) we find the explicit expression for the absorption
coefficient is written as:

16n,e2D2, (ksT )’ _
o= (3 )2 exp| 221, (16)
C\ 2., Py M 2k T

As one can see, Eg. (16) is more simple than traditional two dimensional
semiconductors, it depends only on the temperature of the system and the energy photon (
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hQ) of electromagnetic wave. In the following, we will give physical conclusions to above
results by carrying out a numerical evaluation and a graphic consideration using a
computational method.

2.3. Numerical results and discussion

In this section, we give a deeper insight to the absorption coefficient for the case of a
special 2D Graphene. For this section, the parameters used in computational calculations are
as follows [1, 5] in Table I:

Table 1. The parameters

Symbols Units Values

p g/cm? 7,7.10°8
Dop eV/cm 1,4.10°°

Ks JK 1,3807.10°%
ha, meV 162

C m/s 3.108

h J.s 1,05459.10°%
& 10,9

4 eV. A 6,46

No 10%2

2.4. The dependence of absorption coefficient on temperature

The effect of temperature on the absorption coefficient due to optical phonon scattering
is illustrated in Fig. 1. As can be seen from this figure that the absorption coefficient «
depends strongly and non-linearly on temperature of the system.

We can see that absorption coefficient reaches at the saturated value in the low-
temperature regime and increases quickly when temperature is high (T > 100K). This is in
good agreement with previous results by using similar method in other two-dimensional
systems [11, 12, 13]. This coefficient absorption is the same as the results which gained in
bulk semiconductors [6, 7]. In addition, we survey influent of EMW on absorption
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coeffiecient in 3 diffient single values of photon energy, it can be obviously seen that when
photon energy increases the absorption coefficient value move up as the same tendency [11].
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Fig. 1. The dependence of « on T at 3 diffirent values of photon energy 7Q2
2.5. The dependence of absorption coefficient on photon energy

In order to analyse the physical expression of absorption coefficient in system
parameters, we investigate and graph the influence of absorption coefficient on photon
energy and 3 different cases of Temperture. The solid line means the highest temperature
value case (T=220K), the dotted-line stands for the lowest temperature value case (T=180K)
and the one case left is dashed-line (T=190K). We can easily obtain that the absorption
coefficient goes up gradually as the Temperature rises. Then, when the photon energy stays
in low value domain, the 3-line graph chance to one curve which mean the absorption
coefficient is independent from the temperature when low photon energy.

Furthermore, also in considering of low photon energy regime, the absorption
coefficient graph is almost linear line. The above analysis is the physical expression of
absorption coefficient in photon energy and temperature. This is diffirent from that for
Quantum Wells — another 2D system [11] (in Quantum Wells, the absorption coefficient
reaches one maximun peak). This results from the difference between the electron structure
of Graphene and Quantum Wells. This prediction would give a good suggestion for further
experiments in the future. We can use this effect as one of the criteria for 2D Graphene
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fabrication technology.
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Fig. 2. The dependence of « on photon energy at 3 diffirent values of temperature.
3. CONCLUSION

In this work, we have studied the linear absorption coefficient, as well as the differences
in monolayer Graphene in the presence of an external electromagnetic wave. By using
Quantum Kinetic Equation method, we obtained the expression of the absorption coefficient
due to the propagation of EMW in system, which can be changed by the photon energy of
external EMW and the temperature of system. An strong increase of absorption coefficient
towards higher temperature domain. In addition, the results show the dependence of the
absorption coefficient on photon energy is quite strong in high temperature range. These
theoretical results show a potential of 2D Graphene as a new two — dimensional material gas
for designing nano-electronic and optical devices as a promising alternative to other
traditional semiconductors.
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NGHIEN CUU VE HAP THU PHI TUYEN SONG PIEN TU MANH
TRONG GRAPHENE HAI CHIEU BANG PHUONG PHAP
PHUONG TRINH PONG LUQONG TU

T6m tat: Nghién ciru ly thuyér lwong tir hap thu phi tuyén séng dién tir manh (EMW) trong
Graphene hai chiéu (2D) bang phirong trinh déng lwong tir Véi gia thiét co ché tan xa
electron-phonon quang. Thu dwoc biéu thirc gidi tich cho hé sé hap thu trong Graphene
2D. Céc két qud l1a mai mé va diroc 0 sanh véi trirong hop trong ban dan thap chiéu truyén
thong dé thay sw khac biét. Két qua thu nhédn diroc tinh todn so va vé do thi biéu thj su phu
thugc cia hé sé hdp thu vao ndng leong photon cia séng dién tir va nhiét dé cia hé
Graphene 2D.

Tir khoa: Hé s hdp thy, phiong trinh déng lhwong tir, 2D Graphene, electron giam cam,
tan xq electron-phonon, song dién tir.



