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Abstract. The purpose of this study is to investigate the polarization conversion and amplification of electromagnetic
terahertz (THz) wave incident normally upon graphene monolayer with direct electric current flowing at arbitrary
angle to the elecric vector of incident wave. Methods. The expressions for the elements of the dynamic conductivity
tensor of graphene were obtained in hydrodynamic approximation. The electromagnetic response is calculated by
solving the Maxwell equations with standard boundary conditions for lateral components of the electric and
magnetic fields. Results. It is shown that the dynamic conductivity of graphene depends on value and direction of
the electron drift velocity even in the absence of the spatial dispersion. This results in the polarization conversion
of electromagnetic radiation at THz frequencies. The real parts of elements of graphene dynamic conductivity
tensor can become negative which leads to the amplification of THz oscillations. Conclusion. The polarization
conversion and amplification of electromagnetic THz wave incident upon graphene with direct electric current is
demonstrated. Polarization conversion efficiency can be as high as 97 percent.
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Introduction

Eine Detection |1, 2|, amplification |3, 4]
) THz wave and polarization conversion [5| of terahertz
T X (THz) radiation are actively investigated

>

in graphene-based structures. The latter is

Graphene possible in structures with broken symmetry,
which can be created due to the anisotropy

of the geometry of the structure [6], by the

& action of a static magnetic field [7], as well

& as due to electron drift in graphene [8]. The

Fig 1. Schematic representation of the studied structure motion among charge carriers in graphene can
be described within the framework of a hydrodynamic approach, which is valid when the
frequency of interparticle collisions of charge carriers in graphene is the highest frequency in
system [9]. The hydrodynamic behavior of charge carriers in graphene has been confirmed
experimentally [10, 11]. In this paper, we study the polarization conversion and amplification of
a homogeneous electromagnetic wave incident on hydrodynamic graphene with a direct electric
current directed at an arbitrary angle relative to the direction of the electric field of the incident
wave. The structure under study consists of a graphene monolayer located in the plane x—z at
the interface of two semi-infinite dielectric media with different permittivities (Fig. 1). A plane
homogeneous transverse electromagnetic (TEM) wave falls normally on graphene from medium

1.

@

1. Methods

1.1. Hydrodynamic conductivity of graphene. The dynamic (high-frequency) conductivity
of graphene is obtained using a hydrodynamic approach by solving hydrodynamic equations,
which in the case of a homogeneous (stationary plus oscillating) electric field are written as

0S
E +eEN = —YS, (1)
ow

where equation (1) is the momentum balance equation of charge carriers, and equation (2) is
the energy balance equation of the two-dimensional motion of charge carriers in graphene. In
equations (1)—(2) N is the concentration of charge carriers, V is the hydrodynamic velocity, S
is the macroscopic momentum density, W is the macroscopic energy density, e is the elementary
charge (e > 0), E is the electric field in the graphene plane, t is the relaxation time of the
charge carrier momentum in graphene. Specifically, it is assumed that the charge carriers in
doped (with a finite Fermi energy) graphene are electrons. The relations between the physical
quantities entered equations (1)—(2), written as

S=MV, W=MVZ—-P, P=MVZ-V?/3, (3)

where M is the hydrodynamic mass density, P is the hydrodynamic pressure, Vi = 105 am/c is
the Fermi velocity in graphene. Equations (1)-(3) are linearized by representing all the required
quantities as the sum of stationary and small oscillating terms A = Ay + Aj exp(—iwt), where
o is the angular frequency of the oscillation, and the indices 0 and 1 refer to stationary and
oscillating quantities, respectively. It follows from the equation of continuity (the balance of the
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number of particles) that in the case of homogeneous oscillations, the electron concentration in
graphene does not depend on time and is equal to the stationary electron concentration Np.

Linearized equation (1), taking into account (3), gives expressions for the components of
the oscillating hydrodynamic velocity:

Mlvxo (Y - ’iU)) + eEﬂNg (4)
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where E,1 and E,; are the components of the oscillating electric field, My and M; are the
stationary and oscillating hydrodynamic mass densities, respectively, V0 .0 are the components
of the stationary velocity drift velocity, V1 .1 are the components of the oscillating hydrodynamic
velocity, y is the relaxation rate of the electron momentum. From equation (2), taking into account
(3), we obtain an expression for the oscillating mass density of charge carriers in graphene:
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where FE,0 .0 are the components of a stationary electric field causing the electron drift. The
varying hydrodynamic mass is a unique physical property of graphene, which, as follows from
the following description, determines the anisotropy and amplification of the electromagnetic
response of graphene when direct electric current is passed through it. As can be seen from
equation (6), the mass density of charge carriers oscillates only in the presence of electron drift
in graphene. Solving equations (4)—(6) together, we obtain expressions of the form V1 (Ez1, Ez1)
and V,1(FE,1, F.1) and substituting those in the expression for oscillating current density,

Jr1,21 = —eNoVi1 21,

we obtain expressions for the elements of the graphene high-frequency hydrodynamic conductivity
tensor:

Opy — ) [(1) (QVF% — 2V$20 - Vf()) - 3Z'Y (Va?(] - VZQO)] ’
0. = 2 [ (2V2 — 2V3 — V2) + 3iy (V3 — V2)], (7)
Orz = Ozg = 2((,0 + GiY)Vzo‘/;o,

where
ie* No (VF2 — Vi - Vz20)

2 p—
(0 +iy) [0 (V7 = V3 = V3) +3i (Vi + VE) vIEr

with & being the stationary Fermi energy, Vo = Vpcosg and V.9 = Vpsin . Note that even in
the absence of spatial dispersion, the dynamic conductivity of graphene depends on the velocity
and direction of stationary drift due to breaking the Galilean invariance in the system of electrons
with zero mass of an individual electron in graphene [12]. This significantly distinguishes graphene
from classical two-dimensional electronic systems with massive electrons.

The anisotropy created by passing direct electric current through graphene can be used for
changing the polarization of electromagnetic radiation. The physical reason for the electrically
induced anisotropy of graphene is that oscillations of the hydrodynamic momentum in the
transverse direction to electron drift occur as in the usual hydrodynamics of massive particles with
their inertia determined by a stationary hydrodynamic mass (since the concentration of electrons
in graphene does not depend on time and coordinate in the case of homogeneous oscillations, the
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hydrodynamic mass can be normalized per unit area, and per electron as well). At the same time,
in the direction of electron drift, oscillations of the hydrodynamic momentum occur both due to
stationary hydrodynamic inertia and due to the drift of the oscillating part of the hydrodynamic
mass. As a result, the oscillating hydrodynamic momentum (and, consequently, the oscillating
hydrodynamic velocity) depend differently on the oscillating electric field depending on its
polarization.

1.2. Polarization conversion coefficient. Let us introduce reflection and transmission
coefficients

157

ym= nl 8

7=l ®)

where S]" is the energy flow of a reflected (m = R) or transmitted (m = T) wave with an
orthogonal (n = 1) or initial (n = ||) polarization of the electric field with respect to the

polarization of the incident wave, S is the energy flow of an incident wave. We also introduce
the polarization conversion coefficient for the transmitted wave:

r_ 151l

- ’Stj(;t"

(9)

where S is the total (by two orthogonal polarizations) energy flow of the transmitted wave.

2. Results

The appearance of an orthogonal (relative to the polarization of the incident wave) component
of the electric field in reflected and transmitted waves is associated with the presence of nonzero
off-diagonal elements of the graphene conductivity tensor for the electron drift directed at an
angle relative to the electric field of the incident wave (Fig. 2, a). As a result, partial waves
with orthogonal polarization with respect to the polarization of the incident wave appear in
the reflected and transmitted waves (Fig. 2, b). For the drift angle ¢ ~ 30° at frequency
/21 = 0.1 THz an almost complete polarization cross-conversion occurs in the transmitted
wave (PT =~ 0.97, Fig. 3). For certain drift angles, the real parts of the graphene conduction
tensor elements become negative, which leads to an amplification of both the wave with the
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Fig 2. a — The real parts of the elements of the graphene dynamic conductivity tensor and b — the reflection and
transmission coefficients for waves with initial and orthogonal polarizations in dependence on the electron drift
angle for drift velocity value Vo = 0.7VF at frequency w/2m = 0.1 THz. Graphene parameters are T = 0.1 ps and
Er = 500 meV (Color online)
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Fig 3. The coefficient of polarization conversion P in dependence on electrons drift angle for drift velocity Vo =
= 0.7V at frequency o/2n = 0.1 THz. Graphene parameters are Tt = 0.1 ps and & = 500 meV

initial polarization and the induced wave with the orthogonal polarization (see Fig. 2, b). At
the same time, the wave with orthogonal polarization is amplified insignificantly, and mainly
the wave with the initial polarization is amplified. The amplification can be interpreted as the
occurrence of negative dissipation in graphene when direct current is passed [8].

For drift angles of 0 and 90 degrees, the reflected and transmitted waves have no the
electric field components with cross-polarization, since 0, = 0., = 0. At ¢ = 90° (the drift
is co-directed with the electric field of the incident wave), the amplification of the wave with
the initial polarization is maximal, which is associated with reaching the maximum negative
conductivity value Reo,,. In this case, a fairly clear explanation of the physical mechanism of
amplification can be given. A detailed examination shows that amplification occurs when the
oscillations of the hydrodynamic mass occur in phase with oscillations in the hydrodynamic
velocity. At each moment of time, the total kinetic energy of the hydrodynamic motion of charge
carriers, both as a result of their oscillations and as a result of stationary drift, is equal to

SMOW £ V(0 = SM(0) (V3 + V20 £ 2%1i(0)} (10)

where the signs «+» and «—» correspond to the co-directional and counter-directional stationary
drift velocity Vj and the hydrodynamic oscillation velocity V(). The first two terms in formula
(10) represent, respectively, the kinetic energy values of stationary drift and oscillations. The last
term should be interpreted as the amount of kinetic energy supplied by the source of stationary
drift to the oscillations (with the sign «+») or transferred from the oscillations to the source
of stationary drift (with the sign «—»). In a positive oscillation half-cycle, the hydrodynamic
mass becomes larger than the stationary mass, and the oscillating velocity is directed along the
stationary drift velocity. In this half-cycle, kinetic energy is transferred from the stationary drift
source to the oscillations. In the next (negative) half-cycle, the hydrodynamic mass becomes
smaller than the stationary value, and the oscillating velocity is directed against the stationary
drift velocity, and therefore smaller kinetic energy is transferred from the oscillations to the
stationary drift compared to the kinetic energy received by the oscillations from the source of
the stationary drift in the previous (positive) half-cycle of oscillations. As a result, on average
over the oscillation period, kinetic energy is supplied to the oscillating system from a source
of constant drift, which swings the oscillations. Since the only physical mechanism of energy
exchange between drift and oscillations in the hydrodynamic model is collisions of electrons
with the loss of their hydrodynamic momentum (which is responsible for the real part of the
conductivity), the amplification can be interpreted as a consequence of negative dissipation.
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Conclusion

The polarization conversion and amplification of a normally incident electromagnetic wave
on graphene with direct current are investigated. It is shown that the dynamic conductivity
of graphene depends on the value and direction of the stationary electron drift velocity even in
the case of a homogeneous oscillating electric field, which is unusual for classical two-dimensional
electronic systems with massive electrons. The tensor character of the graphene dynamic conductivity
leads to the conversion of the polarization of an electromagnetic wave incident on graphene with
into the cross polarization an efficiency of up to 97 percent at THz frequencies. The real part of
each element of the conductivity tensor of graphene with electron drift can be negative, which
leads to the amplification of THz wave.
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