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Induced Bremsstrahlung by light in graphene
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We study the generation of an electromagnetic current in monolayer graphene immersed in a weak perpendicular magnetic field and radiated
with linearly polarized monochromatic light. Such a current emits Bremsstrahlung radiation with the same amplitude above and below the
plane of the sample, in the latter case consistent with the small amount of light absorption in the material. This mechanism could be an
important contribution for the reflexion of light phenomenon in graphene.
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Estudiamos la generación de una corriente electromagnética en una monocapa de grafeno inmersa en un campo magnético d́ebil perpendicular
y radiada con luz monocroḿatica. Esta corriente emite radiación de Bremsstrahlung con la misma amplitud por arriba y abajo del plano de la
muestra, en eĺultimo caso consistente con la pequeña cantidad de absorción de luz en el material. Este mecanismo puede ser una contribución
importante para el feńomeno de reflexión de luz en grafeno.

Descriptores: Grafeno; radiacíon de Bremsstrahlung; corrientes electromagnéticas inducidas.

PACS: 73.22.Pr; 74.25.N-; 78.67.Wj

Graphene [1, 2] continues to provide an excellent labora-
tory to explore fundamental physics, let alone its technolog-
ical applications (see, for instance, Ref. [3]). The gapless
pseudo-relativistic Dirac nature of it charge carriers at low
energies is responsible for many of the outstanding proper-
ties of this 2 dimensional (2D) crystal that has given rise to
a new era of materials science [4]. High electric and thermal
conductivity, stiffness and flexibility of graphene flakes are
a few examples in this connection. On top of these proper-
ties, the transparency of its membranes is remarkable: Only
2.3% of visible light is absorbed by a single membrane [5].
This rate has been verified under a number of experimen-
tal conditions [6]. On the other hand, many theoretical ap-
proaches have been used in the past to explain the rate of
light absorption in graphene including quantum field theoret-
ical methods [7–12]. It is interesting to point out that model-
ing graphene from a thin film to a monolayer can give differ-
ent predictions of this rate [13]. Yet, the underlying mecha-
nism that explains light absorption is less transparent. In this
communication, we explore the possibility for such a mech-
anism to be explained in terms of Bremsstrahlung radiation.
The issue of Bremsstrahlung in graphene has recently been
addressed [14–16]. Here we consider the situation where a
graphene membrane is located in thez = 0 plane and is sub-
jected to a weak magnetic field of strengthB oriented per-
pendicularly to the sample, and then is radiated with an elec-
tromagnetic plane-wave, monochromatic (frequencyω) and
linearly-polarized, traveling from the top (z > 0).

The vector potential describing this plane-wave is

Aµ(r) = −gµ2
E0

iω
ei(kz+ωt) , (1)

such that the electric fieldE (intensityE0) is oriented in they

direction. We use the metric tensorg = diag(1,−1,−1,−1)
and units where~ = c = 1 and, therefore,k = ω in vacuum.

In this form,

E = E0 ŷ eiω(z+t), B = E0 x̂ eiω(z+t). (2)

The electric current generated in the graphene sample
induced by the external electromagnetic wave is defined
through the polarization tensor as

jµ(r) =
∫

d4r′ Πµν(r − r′)Aν
pl(r

′) . (3)

Here,Apl(r) = A∗(r)δ(z) is the conjugated vector po-
tential constrained to the plane, andΠ is the polarization ten-
sor, also constrained to the membrane. For weak external
magnetic fields, it is defined in momentum space as [10]
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√
p̃2

v2
F

απ

2
ηµa

×
{[

1 +
(

eB

p̃2

)2 (
1− 5

p2
0

p̃2

)] (
gab − p̃ap̃b

p̃2

)

+ 2
(

eB

p̃2

)2 (
1− p2

0

p̃2

) (
gab
⊥ − p̃a

⊥p̃b
⊥

p̃2
⊥

) }
ηbν , (4)

wherep̃a = ηaµpµ andgab = ηaµgµνηνb, being the projector
matrixηaµ is

[η]bν =




1 0 0 0
0 vF 0 0
0 0 vF 0


 . (5)

Notice thatη slightly differs from the definition in [7-11].
Here, it also acts as a projector in Lorenz indexes into the
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FIGURE 1. Displaced poles forArad
µ and the contour of integra-

tions chosen to enclose each pole. The chosen contour, above or
below the real axis in the complexpz plane, produces a traveling
wave propagating above or below the graphene membrane.

graphene plane. In our conventions, along the graphene
membrane we useg⊥ = diag(0,−1,−1) and p̃⊥ =
(0, vF px, vF py). With these definitions, it is straightforward
to find that

jµ(r) = −gµ2 E e−iωtδ(z) , (6)

where

E = E0
απ

2

[
1− 4

(
eB

ω2

)2
]

. (7)

From the above results, following Ref. [17], the radiated
electromagnetic field can be obtained by solving Maxwell’s
equations in Lorentz gauge∂2Arad

µ (r) = jµ(r), which in
Fourier space correspond to−p2Arad

µ (p) = jµ(p). The radi-
ated electromagnetic vector potentialArad is then the inverse
inverse Fourier transformation of−jµ(p)/p2. The integral
involved to obtain it is ill-defined, as it contains poles on the
real axis. In accordance to the prescription of retarded bound-
ary conditions, we consider displacing the poles slightly from
the real axis in the form shown in Fig. 1. After the integra-
tion in thep0, px andpy components, the radiation vector
potential is

Arad
µ (r) = −gµ2 E

∫
dpz

2π

ei(pzz−ωt)

p2
z − ω2 − iε

. (8)

Furthermore, selecting the contour of integration as
shown in Fig. 1, integrations over momentum components

are readily done. We thus can identify the emitted radiation
above (+) and and below (−) the plane as

Arad (±)
µ (r) = gµ2

E

2iω
eiω(±z−t) . (9)

The corresponding emitted electromagnetic fields are, there-
fore,

E+ = (E/2) ŷ eiω(z−t) (10)

B+ = (E/2) x̂ eiω(z−t)+iπ, (11)

E− = (E/2) ŷ e−iω(z+t), (12)

B− = (E/2) x̂ e−iω(z+t). (13)

We can straightforwardly see that the emitted wave below and
above the plane carry half of the re-emitted intensity. Thus,
the total radiated energy density isE = E2/2. Although the
electric component of the wave emission in the upper side of
the sample is the same in the lower side, the magnetic com-
ponent of the emitted wave acquires a phase shift ofπ. The
radiated emission diminishes as the external magnetic field
strength increases, reflecting the tendency of the magnetic
field to deflect charged-particles trajectories.

The experimental measurements of perpendicularly inci-
dent light on graphene [5,6] as well as the theoretical descrip-
tion [7–11] coincide in that the order of the opacity rate is∼
α. The experimental arrangement is basically radiation from
the top, detection from the bottom, and comparison between
them (transparency). The theoretical description, in turn, ac-
counts for the absorption rate. But none of this assumptions
make explicit reference to the reflection rate. In this work
we describe the re-emission of light by Bremsstrahlung, half
transmitted and half reflected. The reflected amount is of or-
derα2, much lower than the experimental detection of light
opacity. However, there is not much done in order to de-
tect perpendicular reflection and theoretical estimations [18]
reproduce null reflection when the incident beam is perpen-
dicular to the graphene layer. Bremsstrahlung at the moment
could be the main mechanism responsible for perpendicular
light reflection.
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10. D. Valenzuela, S. Herńandez-Ortiz, M. Loewe, A. Raya,Jour-
nal of Physics A: Mathematical and Theoretical48 (2015)
065402.
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