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The Brewster effect has a number of applications in antireflection coatings, spectroscopy, and polarization
optics, but its tunability is still of high demand. In this Letter, we discover a method of Brewster angle
control with two-dimensional conducting layers. Namely, we analyze the angular shift of Brewster’s angle
depending on the surface conductivity of a two-dimensional layer. First, we derive the analytical model with
exact conductivity-dependent solution. Then, we investigate the Brewster angle shift in the cases of monolayer
graphene and plasmonic metasurface. Finally, we support our analytical results by the full-wave numerical
simulations. The results obtained may find a plethora of applications in flat optical and planar photonic devices.
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Introduction. Polarization is an inherent vectorial property
of electromagnetic waves which defines the orientation of
the electric and magnetic fields vectors in time. Two funda-
mental polarization states following directly from Maxwell’s
equations in homogeneous isotropic medium are transverse
electric (TE) and magnetic (TM) linear polarizations [1]. The
study of light polarization has a rich history that spans several
centuries. An important milestone was achieved more than
two centuries ago by David Brewster [2]. He has shown that
TM-polarized light does not reflect from the interface between
two media under certain incident angle. Several years later,
this fact was supported by the analytical formulas, derived
by A.-J. Fresnel, describing the incidence of light at optical
interface [3]. In particular, Fresnel has derived and theoret-
ically confirmed the peculiar observation of Brewster [4].
In this aspect, two identical definitions of Brewster’s angle
(BA) emerge defining it as (1) the zero-reflection angle in
TM polarization and (2) the angle at which unpolarized light
becomes linearly polarized (namely, TE polarized) in reflec-
tion [5]. Naturally, the applications of BA include polarization
filters [6], antireflective coatings [7,8], spin-orbit photonics
[9,10], sensing [11,12], microscopy of monolayers [13-15],
and biological systems [16].

The control of BA with nanostructures has been intensively
studied in recent years, in particular using surface roughness
[17], randomly stratified dielectric media [18], or additional
dielectric layer [19]. The manipulation via Mie-like electric
and magnetic resonances in high-index all-dielectric nanos-
tructures leads to the generalized Brewster’s law [20,21].
Another way to manipulate the BA is to use the ultrathin
two-dimensional (2D) materials. It has been theoretically pre-
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dicted that using the 2D nonmagnetic conductive layer under
the specific conditions, it is possible to achieve the Brewster
effect for TE polarization even under normal incidence [22].
It has been shown that by varying the surface conductivity of
graphene via the applied voltage the BA can be shifted by a
few degrees [23,24]. The angular shift of the BA has also been
analyzed for the multilayered graphene and other 2D mate-
rials, including stanene and silicene [25]. The phase-change
materials demonstrate the promising platform for the tunable
Brewster effect [26]. For most cases, the typical theoretically
expected and experimentally measured shifts of BA do not
exceed 10° (usually less than 5°).

In this Letter, we derive the Fresnel coefficients for the
case of the 2D conducting sheet at the interface. The condi-
tion and the exact analytical equation of the Brewster angle
shifted due to the 2D layer. Using the developed analytical
model, we analyze the BA’s shift for the case of the monolayer
graphene and the plasmonic metasurface (MS) in the terahertz
(THz) and visible ranges, respectively. Finally, we verify the
analytical results by full-wave simulations and propose the
real design of the plasmonic metasurface based on the gold
nanodisks exhibiting a BA shift of 16.6°. The results obtained
discover a new page of interest in the Brewster phenomenon
caused by the rapid development of 2D materials and planar
nanotechnologies.

Model. We consider the oblique incidence in the xz plane
of the TM-polarized plane wave from media “1” to “2” via
the 2D interface described by the surface conductivity o
[Fig. 1(a)]. The incident, reflected, and transmitted waves are
characterized by the indices i, r, and ¢, respectively. The wave
vectors are defined as follows:

K = (ke 0, {4, — 1K), (1)

where k, = nikosin®, ki = —k! =mnikocos®, and ki =

nikgy/n? — sin® 6. Here, 6 is the angle of incidence, ky =
2m /1 is the wave vector in vacuum at the wavelength A,
n=mny/n;, and n;, = JEi2 2 is the refractive index of
bottom (1) and upper (2) media, respectively. The boundary
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FIG. 1. The concept of the angular shift of Brewster zero-
reflection due to a 2D conducting interface. (a) The geometry of
the problem shows the incidence of the TM-polarized wave under
angle 6 at a 2D layer described by the surface conductivity ¢ and
sandwiched between the media with refractive indices n; (bottom)
and n, (top). (b) The schematic view of the angular shift of BA
without (left) and with (right) the 2D conducting sheet. (¢ and d)
The reflectance angular spectra of TM-polarized plane wave without
[blue (left) line] and with [red (right) line] a 2D conducting sheet
of 0 =1 mS in (c¢) linear and (d) logarithmic scale. The subfig-
ure (d) shows the enlarged green area from (c). The yellow (light
gray) line in (d) corresponds to a 2D conducting sheet with o =
1 4+ 0.1i mS.

conditions for the tangential components of electric and mag-
netic fields are

np x (E;—E)=0
np x (Hy —Hy) =1, ()

where nj, is a normal vector from medium 1 to medium 2;
E, = E' + E’ is the full field in the bottom medium (1),
which is the vectorial sum of the incident (E’) and reflected
(E") field, while the field in the upper medium E, = E' is
just a transmitted field (E'); and J is the surface free current
density, which is defined according to Ohm’s law J = oE| »,
where o is normalized per c¢/(4m). Applying Maxwell’s equa-
tions and the boundary conditions (2), we derive the complex
reflection and transmission coefficients defined as r = H" /H'
and t = H'/H':
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The total intensity-related reflectance and transmittance are
defined as follows:
t
kz / &

R =|r%, T:Re(—)tz. 4
7| Ki/e, It 4)

Following the energy conservation law, the normal component
of the Poynting vector should be conserved, so the additional
factor for the transmittance emerges.
According to (3), we derive the Brewster angle condition
for the case of 2D conducting sheet:
& €1 o

KOH ko

It may be written in the following form:

0. (5)

1 n?
o=n - . (6)
(COS b8 /n? — sin? GB>
where 6p is the modified BA due to the presence of the
2D conducting layer. Equation (6) provides the value of o
necessary to obtain the Brewster phenomenon at the angle
6 = 0p. One can notice that the shift of BA is possible due to
the nonzero real part of the surface conductivity o. Thus, the
mechanism of BA shift is based on reflection compensation
by absorption in the 2D layer.
Besides, Eq. (5) may also be exactly represented via the
following quartic equation:
~2 ~
T4 2—0x3 +[62 -1 +m)x?=26x+1=0, (7)
n n
where x = cos @, & = o /ny, and n = n> — 1. One can notice
that under o = 0, we come to the standard formula 65 = 6 =
atan n. Note that the special case of n, > n; leads to the great
simplification of the expression for 95:

0
cos

cosp = ————.
B 1+ 6 cos )

)
Finally, we introduce and further study the angular shift of BA
Ap defined as

Ap(ni3np;0) = Op(nisnas o) — 05 (s my). ©)

Results. In the following, we consider the incidence from
the air on the 2D layer on the quartz substrate (n; = 1, n, =
1.45). In this case, the standard BA is equal to 0% = 55.4°,
In order to demonstrate the concept of the angular BA, we
consider the reflectances of plane wave with (1) zero (no 2D
conducting layer), (2) real, and (3) complex surface conduc-
tivities [Figs. 1(c) and 1(d)]. Namely, we demonstrate the
angular BA of 7.8° with 0 = 1 mS. One can notice that the
introduction of the imaginary part of surface conductivity does
not change the value of the modified BA, but decreases the
degree of the reflection suppression [Fig. 1(d)]. Then, we
consider two cases of real 2D conducting sheets: graphene
monolayer in the THz range and plasmonic MS in the visible
spectrum.

In the terahertz spectral range at room temperature and
under typical doping levels, the optical conductivity of the
graphene monolayer is mostly dominated by a term related
to the intraband electronic transitions [27,28]

;0
o, = M&E—F" (10)
7w+ iyg)
where ag mS is the universal optical conductivity of graphene,
EF is the Fermi energy, y, is the relaxation rate, w is the opera-
tional angular frequency, and 7 is the reduced Planck constant.
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FIG. 2. The shift of Brewster’s angle for a monolayer graphene
layer. (a) The dispersion of real [blue (solid) line] and imaginary
[red (dashed) line] parts of the surface conductivity according to
(10). (b) The reflectance spectra for without (black line) and with
a 2D conducting sheet for different frequencies [color (gray) lines].
(c) The dependence of the shift of BA on the frequency. (d) The
dependence of the reflectance on the frequency and the angle of
incidence. The green (vertical) and magenta (curve) dashed lines
correspond to the standard and modified BA, respectively.

The following parameters have been used [28]: Er = 0.3 eV,
Y, = 7 meV, and ag = ¢?/(41i) = 608.5 mS.

The dispersion of surface conductivity for the graphene
monolayer in the THz range is shown in Fig. 2(a). One can
notice that the real part of the surface conductivity decreases
with the frequency, while the imaginary part is near zero at
low frequencies and has the local maximum in the vicinity
of 1.7 THz. Therefore, one can distinguish three regimes de-
pending on the frequency: (1) the maximum shift is expected
for the low frequencies (typically, less than 1 THz), while the
real part is close to its maximum value and the imaginary part
is close to zero; (2) the lowest level of reflection suppression
is observed near the peak of the imaginary part of the con-
ductivity (in the range from 1 to 3 THz); and (3) the shift
is negligible as far as the surface conductivity tends to zero
for large frequencies (namely, both the real and imaginary
parts of the surface conductivity are less than 1 mS for fre-
quencies greater than 5 THz). The corresponding reflectance
spectra are shown in Fig. 2(b). As a consequence, the shift
of BA decreases smoothly with the frequency, dropping by
10 times from the value of about 16° at 0.1 THz to 1.6°
at 10 THz [Fig. 2(c)]. The dependence of the reflectance on
the frequency and angle of incidence explicitly manifests the
modified BA characterized by the reflectance dip [Fig. 2(d)].
It can be seen that in the case of the monolayer graphene,
the modified BA is almost coincident with the standard BA at
high frequencies and gradually shifts to the larger angles with
decreasing frequency, reaching the maximum shift of BA of
about 16° at low frequencies. The surface conductivity of the
plasmonic metasurface may be well approximated with the
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FIG. 3. The shift of Brewster’s angle for a plasmonic metasur-
face. (a) The dispersion of real [blue (solid) line] and imaginary
[red (dashed) line] parts of the surface conductivity according to
(11). (b) The reflectance spectra for without (black line) and with
2D conducting sheet for different frequencies [color (gray) lines].
(c) The dependence of the shift of BA on the frequency. (d) The
dependence of the reflectance on the frequency and the angle of
incidence. The green (vertical) and magenta (curve) dashed lines
correspond to the standard and modified BA, respectively.

Drude-Lorentz formula [29,30]

;0 2
[N ()]
Oms = 12115 , (1
— Q§ + iYms @
where o) is amplitude of surface conductivity, w is the oper-

ational angular frequency, €2 is the resonant frequency, and
¥ms 15 the bandwidth of resonance. The following parameters,
which correlate well with those of the Ref. [31], were used:
Q0/(2m) = 500 THz, Yins/(27) = 175 THz, and 00 /(27 ) =
0.332 mS.

The typical dispersion of the surface conductivity for the
plasmonic MS in the visible frequency range is shown in
Fig. 3(a). The resonance of the plasmonic MS at 500 THz is
characterized by the peak and zero of the real and imaginary
parts of the surface conductivity, respectively. Therefore, it is
easy to predict the maximum shift of BA at the resonance
of the plasmonic MS. At lower and higher frequencies, the
shift of BA and the reflection suppression are less than at
the resonance owing to the real and imaginary parts of the
conductivity, respectively, as it can be seen at the reflectance
spectra in Fig. 3(b). As a result, the shift of BA increases
with the frequency up to the maximum value of about 21°
corresponding to the resonance of plasmonic MS, and then
it smoothly drops with further frequency increase after the
resonance [Fig. 3(c)]. The nonmonotonic dependence of the
modified BA of reflectance on frequency and angle of inci-
dence, characterized by the dip in reflectance, is shown in
Fig. 3(d). The modified BA always differs from the standard
BA due to the high values of optical conductivity, reaching the
maximum shift of BA at resonant frequency.
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FIG. 4. The shift of Brewster’s angle with a 2D conducting interface and a real design of plasmonic metasurface. The angular dependence
of the reflectance (bottom line), transmittance (top line) and absorbance (middle line) (b), (f), and (1), and the spatial distributions of the reflected
(top half-plane) and transmitted (bottom half-plane) magnetic fields (c), (d), (g), (h), (m), and (n) at the angles 55.4° (c), (g), and (m) and 72° (d),
(h), and (n) corresponding to the BA for the cases of (a)—(d) nonconducting interface, (e)—(h) conducting interface, and (i)—(n) plasmonic MS
based on gold nanodisks at the frequency of 515 THz schematically shown in (a), (d), and (i), respectively. The extracted surface conductivity
and unit cell design of plasmonic metasurface are shown in (k) and as the insert in (i), respectively. The inserts in (b), (f), and (1) show the
intensity-related parameters in the logarithmic scale. The BA shift caused by the 2D conducting layer (e)—(h) and plasmonic MS (i)—(n) is

about 16.6°.

Figure 4 provides the verification of the analytical results
via the full-wave numerical simulations based on the finite-
element method in the frequency domain. First, we calculated
the reflectance (R), transmittance (7), and absorbance (A =
1 — R — T') of the TM-polarized wave incident at the interface
without 2D conducting layer [Figs. 4(a) and 4(b)] and with
[Figs. 4(e) and 4(f)] a 2D conducting layer of o0 = 3.5 mS
and the plasmonic MS representing the square periodic array
of gold nanodisks [Figs. 4(i) and 4(1)]. The dispersion of the
thin gold films is taken from Ref. [32]. The period of plas-
monic MS, the diameter, and the thickness of the nanodisks
are 200, 80, and 25 nm, respectively [Fig. 4(i)]. Its surface
conductivity extracted from the reflectance calculations [31]
is shown in Fig. 4(k) and gives 0 = 3.4 4 0.17i (mS) at the
frequency of 515 THz. The first case without a 2D conducting
interface corresponds to Fresnel equations [1], while other
two cases with a 2D conducting interface and plasmonic MS
demonstrate the shift of BA from 55.4° to 72° [Figs. 4(f) and
4(D)]. The corresponding spatial distributions of the reflected
and transmitted magnetic fields at these angles are shown
in Figs. 4(c) and 4(d), 4(g) and 4(h), and 4(m) and 4(n).

We observe the suppression of the reflected magnetic field at
6 = 72° for the cases of conducting structures at the interface.
As it was previously discussed, this effect is supported by the
absorbance compensation at the level of 40% of the initial
intensity [Figs. 4(f) and 4(1)].

Conclusion. To conclude, we derived the analytical for-
mulas of Brewster’s angle for the case of a 2D conducting
interface and analyzed the cases of a monolayer graphene
layer and plasmonic metasurface. For the last case, we
supported the analytical investigations by the numerically cal-
culated magnetic fields. To the best of our knowledge, the
predicted shift of BA of 16.6° for the real design of plasmonic
nanostructure is the high-record value. Moreover, the recent
approaches in the development of 2D materials [33,34] and
the engineering of plasmonic anisotropic metasurfaces [31]
including deep learning techniques [35,36] open new horizons
for BA-related phenomena and applications.
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