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1. Introduction
Goos-Hianchen (G-H) effect is of great interest in the manipulation of

optical beams. However, it is still fairly challenging to attain efficient
controls of the G—H shift for diverse applications. Here, a mechanism

to realize tunable G—H shift in the terahertz regime with electrically
controllable graphene is proposed. Taking monolayer graphene covered
epsilon-near-zero metamaterial as a planar model system, it is found that
the G—H shifts for the orthogonal s-polarized and p-polarized terahertz
beams at oblique incidence are positive and negative, respectively. The
G-H shift can be modified substantially by electrically controlling the
Fermi energy of the monolayer graphene. Reversely, the Fermi energy
dependent G—H effect can also be used as a strategy for measuring the
doping level of graphene. In addition, the G—H shifts of the system are of

In recent years, there has been enormous
scientific interest on graphene, a type of
2D crystal with carbon atoms arranged in
a honeycomb lattice.l! Graphene is attrac-
tive for both its novel physical properties
(e.g., the unusual quantum Hall effect)?]
and myriad applications that profit from
its high electronic mobility,*! exceptional
mechanical strength,®l and thermal con-
ductivity.?l Graphene is also promising
for applications in photonics and opto-
electronics.”? Compared to regular bulk
metals, the surface plasmons in graphene

show much stronger confinement of plas-
monic excitations at the atomic scale,!®!
which implies that graphene is a novel
platform for boosting light-matter inter-
actions with the excitation of surface plas-
mons.) More importantly, the low carrier
concentration in graphene sheet provides
ultra-wide tunable space in responding to
external stimuli.l'”! Low plasma frequency
and ultra-wide range tunability make it a
feasible and outstanding optical material for actively control-
lable plasmonic metamaterials/metasurfaces!'!l especially for
terahertz (THz) and far-infrared applications.'%12-14 The gra-
phene metasurfaces provide possibilities to realize tailorable
functionalities in transformation optics,[” surface cloak,!®!
plasmonic waveguides,!'’*1 optical modulators,?°22 and
absorbers.?3-28] Some recent studies opened up the possibility
of realizing dynamic manipulation of light beams by exploiting
the gate-controllable optical properties of graphene.29-32]
Goos—Hinchen (G-H) effect,** the lateral shift of a reflected
light beam with respect to the prediction of geometric optics,
is an interesting phenomenon. The G-H effect originates from
angularly dispersive phase delay of light beam, various mate-
rial systems and structures, such as dielectric slab,1 absorbing
media and metals,?>3 photonic crystals,*) and metama-
terials,*1"*3] have been employed to modify the phase delay
and thus the G-H effect. The G-H shift has been applied for
chemical sensor, detection of displacement, refraction index,
and irregularities or surface roughness, which are impor-
tant in modern science. Predictably, achieving efficient tun-
ability in G-H shifts with external stimuli like electrical signal
will extend the research scope of G-H effect as well as corre-
sponding applications. In this article, we propose a mechanism

strong frequency-dependence at oblique angles of incidence, therefore the
proposed graphene hybrid system can potentially be used for the genera-
tion of terahertz “rainbow,” a flat analog of the dispersive prism in optics.
The proposed scheme of hybrid system involving graphene for dynamic
control of G—H shift will have potential applications in the manipulation of
terahertz waves.
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Figure 1. Schematic of the investigated system: a graphene covered
epsilon-near-zero (ENZ) metamaterial substrate is irradiated by the tera-
hertz beams from the air side, s-polarized/p-polarized beams show posi-
tive/negative Goos—Hanchen (G—H) shifts under oblique incidence.

to achieve electrically tailorable G-H shifts in photonic systems
Dby utilizing the tunable optical properties of graphene.

For simplicity and without loss of generality, we consider a
basic 1D system (see Figure 1), in which a monolayer graphene,
which will be electrically biased for tunability, is settled on top
of a substrate, and the whole architecture is irradiated by THz
beams from the top (air) side. In our system, the substrate is
taken with a special category of metamaterials, i.e., an epsilon-
near-zero (ENZ) medium, which is fairly easy in the design and
more importantly, can efficiently reflect the impinging THz
beam so as to greatly benefit the observation of G-H shift.[*3] Tt
is noteworthy that near-zero metamaterials**+ and graphene—
metamaterial hybrid systems8#9 are interesting in wave
manipulations, which have been experimentally demonstrated
in various configurations at the microwave, THz, infrared, and
even visible frequencies. In the study, we found that the G-H
shifts of THz beams can be either positive or negative for dif-
ferent polarizations, and the G-H shift can be tuned substan-
tially by controlling the Fermi level of the monolayer graphene.
And in addition, the wavelength-dependent G-H shift of the
graphene/metamaterial hybrid system benefits potential func-
tionalities like “rainbow” for THz application as a planar analog
of the dispersive prism.

2. Results and Discussion

We assigned the electromagnetic parameters for the ENZ meta-
material substrate to be £, =107 +0.01i and g, =1, and
employed a transfer matrix method (TMM)P%>2 to analyze
the scattering properties of the system, which is suitable for
the study of layered systems. The novel contributions of the
monolayer graphene can be taken into account in the TMM by
considering additional scatterings originated from the surface
conductivity o of it in the transfer matrix

1+n+¢ 1-n-s
M (@,0)= 5 G}

1-n+sg 1+n-g¢
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with 1= ] being the conventional contribu-
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bution from the surface conductivity of 2D materials for the
s-polarized (p-polarized) light, s equals 1(-1) for p-polariza-
tion (s-polarization). K sy is the y-component of the wave
VeCtor Kur (sub) = +/Eair(suby @ /¢ in air (substrate), where o is the

angular frequency, ¢ is the speed of light in vacuum, and 6
is the angle of wave vector with respect to y-axis. & and g,
are vacuum permittivity and permeability, respectively. Since
we mainly consider the scatterings of graphene involved inter-
face in this paper, the propagating matrix in the substrate is
M, (w,6)=diag(1,1), and thus the transfer matrix of the whole
system should be

air, y

0)=Y MM, =M, (2)

The reflection coefficients of the considered system are then
given by the elements of transfer matrix

peln _12Mtsg (3)
T, 1+n+g

With respect to the crucial parameter, i.e., complex surface
conductivity o, of the graphene in our modeling, it can be
given as the following expression in the theoretical perspective
based on random phase approximation in the local limit

_ezEF i
- 2 . -1
Th® w+it

¢ i
—| 6(hw—-2E —1
+4h[ (ho F)+n og‘

hw —2E;
hiw+2E

} “)

in which E; represents the Fermi energy, 7= uEs/ev; is the
relaxation rate with the mobility u=10* cm’ Vs, and Fermi
velocity vr =10° ms™. The first and the second terms at the
right side of Equation (2) correspond to intra-band processes
and inter-band transitions, respectively, in a monolayer gra-
phene. The scattering coefficients of the system can then be
obtained by plugging the dispersive surface conductivity into
the transfer matrix.

There have been quite a few attempts to theoretically account
the G-H shift.’3%] One of the most well-accepted theoretical
explanations for G-H shift is via the picture of stationary phase
approximation,3# in which, the G-H shift d is given by

A 09(6:)

d=—-—"1—7 5
2w 90; ©)

where A is the wavelength of terahertz beam, and the phase
©(0;) of reflection coefficient r is a function of the incident
angle 6, . Therefore, it is straightforward that, by applying Equa-
tions (1)—(4) to Equation (5), we can calculate the G-H shift
of the system. Due to the complexity of the direct expression,
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Figure 2. Comparison of the G-H shifts of an ENZ metamaterial sub-
strate with (red) and without (blue) the graphene (Fermi energy: 0.5 eV)
cover. Calculated G-H shifts versus incident angle of the a) s-polarized
and b) p-polarized terahertz beams at 8 THz.

which does not provide us additional insight, we would like to
directly study the G-H effect in our hybrid system numerically.

The angular spectra of the G-H shift for the orthogonal
s-polarized and p-polarized beams at 8 THz are shown in
Figure 2, where logarithmic scaled angular x-axis was used for
clearly showing the results. For the cases without graphene
layer, the G-H shifts are about 0.324 and 0 in a wide range
of oblique incidence for s-polarized and p-polarized beams,
respectively, indicated with blue lines in Figure 2. The disper-
sive behavior at small angle of incidence is due to loss-induced
phase change from near linearly changing phase of reflection
coefficients of the ENZ medium.®l In contrast, red lines in
Figure 2 show the G-H shifts for the hybrid system with the
graphene layer included, where the Fermi energy of graphene
was taken as E; =0.5eV. We can see, with the introduction
of the monolayer graphene, the G-H shift at large incidence
angles, or the angular flat range for the substrate, undergoes
an angular-dependent change. Comparing the cases with and
without the graphene layer, the G-H shifts at small incidence
angles (less than =10°) are almost not changed, and the rela-
tively larger G-H shifts at large incidence angles are of more
interest: for s-polarization, the doped graphene on the substrate
decreases the G-H shift, and such a change slightly increases
with the increase of incidence angle; for p-polarization, the
absolute value of the negative G-H shift increases when the
angle of incidence gets larger. The opposite sign of the G-H
shifts under different polarizations, combining the electrically
tunable response of graphene, will benefit the manipulation of
the THz beams, as shown below.

As can be seen from Figure 2, the G-H shift of a photonic
system can be significantly tailored with the contribution of
surface conductivity of a monolayer graphene, which is intrinsi-
cally dispersive as that showed in Equation (4). Therefore, it is
conceivable that the frequency-dependent modification of gra-
phene will show distinct dispersive behavior on the G-H shift
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Figure 3. Comparison of the G-H shifts of an ENZ metamaterial sub-
strate with a graphene (Fermi energy: 0.5 eV) cover at different frequen-
cies (3, 5, 10, and 35 THz). Calculated G—H shifts versus incident angle
of the a) s-polarized and b) p-polarized terahertz beams.

in the hybrid system. The angular spectra of the G-H shift for
the s-polarized and p-polarized beams of different frequencies
(3, 5, 10, and 35 THz) are shown in Figure 3 a,b for compar-
ison, the Fermi energy of graphene is E; =0.5eV. For s-polar-
ization, the changes in G-H shift at small incident angles are
very limited, so we mainly focus on the frequency dispersion at
large angles of incidence: the G-H shift spectrum stays fairly
flat at 3 THz, and upon the increase of the frequency, the values
of the plateaus do increase gradually, and the G-H shift spec-
trum finally gets closer and comparable to the case without gra-
phene (see the blue curve in Figure 2a). For p-polarization as
shown in Figure 3b, the frequency-dependent response is more
complicated. The loss in the ENZ substrate induces a resonant
behavior around the pseudo-Brewster angle, which shows an
abrupt reflection phase change and thus resonant and negative
G-H shifts under small incidence angles. The THz complex
surface conductivity of doped graphene is mainly contributed
from the Drude term [the first term in Equation (4)], corre-
sponding to the intra-band processes in graphene, the Drude
line-shaped complex conductivity is of different lossy rate
(Re[o]/Im[o]). The graphene can significantly influence the
resonant strength on G-H shift. While for larger incident
angles, the frequency dependence shows similar behavior as
that of s-polarization, i.e., the negative G-H shift finally gets
very closer to the case without graphene at high frequencies.
Potentially, the opposite directions of beam shift for different
polarizations may provide a strategy of beam splitting. However,
it is noteworthy that such a prototype effect in our simplified
system is only on the order of one wavelength and a detectable
corresponding beam splitting effect may need some more com-
plicated configurations based on our proposal, for instance, the
multiple scatterings in layered structureB**% and total internal
reflection (TIR).P®l Furthermore, the converging dispersion of
the G—H shift at oblique angles can serve as an implementation
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Figure 4. G—H shift angular spectra of the orthogonal a) s-polarized and
b) p-polarized terahertz beams at 5 THz for graphene sheet with different
Fermi energy (from 0.1 to 1.2 eV).

of a “rainbow”-like function for THz radiations, a flat analog to
the classical dispersive prism in optics.

To further investigate the tunability of G-H shift assisted by
the doped graphene, we calculated the G-H shift spectra for
graphene under various Fermi energies ranging from 0.1 to
1.2 eV, with the frequency set at 5.0 THz. The false-color maps
of the G-H shifts versus Fermi energies and incident angles are
plotted in Figure 4 a,b for s- and p-polarization, respectively. With
increasing Fermi energy, we found more remarkable modifica-
tion in G-H shifts with respect to that of sole-substrate system
for both polarizations. The boosting of modification on G-H shift
for higher Fermi energy can be understood as follows: the mainly
contributed Drude term from intra-band transitions at a fixed
frequency is stronger for graphene with higher Fermi energy, so
the scattering coming from the graphene gets more dramatic,
leading to an efficient modification in G-H shift with wide-range
tunability. Therefore, the electrical doping can tune the optical
properties of graphene toward a notable modification in G-H
shift, and conversely, such an effect also provides us a strategy to
monitor doping level or Fermi energy of graphene sample.

Finally, we performed full-wave numerical simulations to our
hybrid system with graphene to show the G-H shifts intuitively,
as a verification of our theoretical predictions in the above. The
simulations were finished via COMSOL, a commercial electro-
magnetic software package based on the finite element method,
in which, the graphene layer was modeled as a 2D “surface
current” sheet with complex surface conductivity, the values
employed in the theoretical analysis at E; =0.5eV are directly
applied in COMSOL. The angle of incidence for both polariza-
tions is 45° with the waist of beam set to be 31 as indicated in
Figure 5¢, as can be seen from the lateral profiles (normalized to
the wavelength A, s-polarization: blue solid line; p-polarization:
yellow dashed line) of the time-averaged power flow in Figure 5c.
The out-of-plane field components are captured and plotted in
Figure 5a (|E,| for s-polarization at 10 THz) and Figure S5b
(|H, | for p-polarization at 3 THz), respectively. From the field
maps in Figure 5, we can get the lateral shift of reflected beams
from center of the specular reflection, and the G-H shifts are
shown to be positive (negative) for s- (p-) polarized beams,
more clearly according to the cross-section profiles of power
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Figure 5. Numerical verification of the theoretically predicted G—H effect:
Map of the out-of-plane electromagnetic components and time-averaged
power flow of the input/output terahertz beams with different polari-
zations, Fermi energy of graphene: 0.5 eV. a) Electric and b) magnetic
field patterns for s-polarized (10 THz) and p-polarized (3 THz) beams
at the incident angle of 45°, the G—H shifts are denoted by white arrows.
c) Cross-section profiles of the normalized power flow of the input and
reflected beams.

flow (see Figure 5c). From the simulations, G-H shifts for
s- and p-polarization are d; =0.2594 and d, =—0.1601, respec-
tively, which agree well with the theoretical predictions of TMM
analysis, i.e., d;=0.2474 and d, =—0.1554 .

3. Conclusion

In conclusion, we proposed a strategy to realize control-
lable G-H shifts in the THz regime by taking advantage of
the fascinating tunable properties of graphene. For a simple
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modeling system with graphene settled on top of an ENZ
medium, we have theoretically and numerically studied the
tunability and the dependency of G-H shifts with respect to
Fermi energy of graphene, frequency, and polarization state of
the THz beam. The proposed graphene-assisted hybrid system
benefits potential functionalities in the manipulation of THz
waves, such as the “rainbow”-like dispersion, a planar analog
of dispersive prisms. The demonstrated tunable G-H shifts can
also serve as a strategy to determine the doping level (Fermi
energy) of graphene layer reversely. Finally, we emphasize that
the mechanism proposed in this paper is not limited to gra-
phene, but also applicable to the 2D conductive material cat-
egory, which is a hotspot in optics and photonics recently.
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