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Negative refraction medium can in principle be realized using artificial composites composed of semi-
conductor/metallic inclusions, which experience negative refraction over certain frequency region due to
structural resonant. It would be desirable if we could extend negative refraction to alternative natural
semimetal candidates. Here, we show that by employing multilayer-graphene and cubic boron nitride
slab, the composite may support negative group refractive angle over certain frequencies due to its

anisotropic characteristics. Poynting vector profile numerically demonstrates that transverse magnetic
wave propagates with observable negative shift as if they had negative refractive index.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In contrast to the well-known conventional refraction theory,
negative refraction (NR) is a new concept which refers to the fact
that the refraction and incident rays stay at the same side when the
beam encounters the interface [1]. The experimental realization of
this kind of materials in artificial structures has sparked consider-
able interest owing their fundamental new physics and potential
applications in optical devices, such as subwavelength images,
superlens and clocking [2—8]. Existing proposals for realizing NR
materials mainly rely on the conventional resonant-mediated
mechanism [9—13]. By well designing subwavelength meta-
materials, it is possible to achieve negative permittivity and
permeability simultaneously at a certain frequency region owing to
the possible resonances involved. Such a mechanism gives rise to
NR properties within relatively complex geometrical structures,
resulting in some difficulties in experimental fabrications. Apart
from the above resonant mechanism, another scenario is proposed
to create NR effect. It have been experimentally demonstrated that
both two-dimensional metal wire and one-dimensional semi-
conductor multilayer structure support NR effect due to their
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intrinsic strong anisotropy [14,15]. Such a scheme is based on
multilayer structure and thus this will be relatively easy in
fabrication.

Producing a controlled NR effect is a topic of central importance.
The availability of an adjustable NR effect opens up the possibility of
a much wider range of applications. The altering optical properties
of metamaterials can be achieved by adding other components or
engineering the geometrical configuration. For example, both
experimental and theoretical investigations have revealed that
tunable NR effect can be induced by photodoping a piece of low-
doped semi-conductor positioned within the gap of the reso-
nator, applying drops of silicon nanospheres to the split ring array,
or photoexcitation of free carriers in the substrate [16—21]. From
experimental perspective, however, the above schemes impose
certain difficulty in fabrication. Therefore, the materials, which
have intrinsic tunable optical properties, may serve as a platform
for controllable optical devices by external means other than
modifying geometrical configurations. The tunable functionality of
the composite essentially relies on the sensitivity of permittivity/
permeability on the external stimulus, enabling the controlled NR
effect. Superconductor or ferromagnetic materials have been put
forward to be the candidates, realizing tunable NR effect with the
advantages of easiness of controllability, such as temperature or
magnetic field [22—24]. But these approaches suffer from the
transition from the superconductor/ferromagnetic state to normal
conductor/paramagnetic state.

Graphene, a two-dimensional monolayer of carbon atoms
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arranged in a hexagonal lattice, has attracted great interest owing
to its unusual electronic band structure [25]. The carriers of gra-
phene are characterized by massless Dirac fermions, whose be-
haviors are governed by Dirac equation. The linear dispersion leads
to its unique relativistic physical properties, such as integer and
fractional quantum Hall effect, absence of backscattering and Klein
tunneling [26—28]. Besides, graphene also exhibits fantastic optical
properties owing to its unique optical conductivity. In this regard,
graphene could be used to manipulate optical information because
it is found to be extremely sensitive to external stimulus due to its
ultrathin thickness. The AC conductivity of graphene has a strong
dependence on chemical potential as well as magnetic field. Such a
unique property of graphene makes it a promising candidate for
tunable optical devices, including tunable plasmonics, gate-
controlled active graphene metamaterials, transformation optics,
clocking, broadband polarizer, lens, giant Faraday rotation and
optically transparent conductor [25—37].

It has been proposed that graphene with a well-designed optical
conductivity distribution supports control of beam propagation,
collimation, and focusing [38]. Therefore, one can imagine the
possibility of tunable NR effect using carbon-based derivatives. In
fact, the NR effect in thin graphite films has been advanced based
on degenerate four-wave mixing [39]. In this approach, nonline-
arity is the basic requirement to realize negative refractive angle.
Graphite flakes with few graphene layers are used to lower the
challenge in setting up the phase conjugation. This phenomenon
reveals another unique optical property of graphite. However, the
counter-propagating beams with strong electric fields are neces-
sary due to the required nonlinearity, imposing the difficulty in
experiment.

We know that the thickness is an important issue in designing
the optical devices. However, the fixed thickness of graphene limits
the direct applicability of the conventional optical effects to some
extents. Increasing the layer number of graphene provides a pos-
sibility for overcoming this. In contrast to monolayer graphene,
multilayer graphene has a more complex geometrical configuration
because of different stacking sequences, which gets more rich
physics and has its own contributions to optical fields due to the
interlayer couplings. For example, gate tunable infrared phonon
anomalies and an unusual giant Kerr effect have been reported in
bilayer graphene due to the extra interlayer couplings between two
layers [40,41]. The exploration of optical properties in few-layer
graphene is still in early stage, which deserves more attention. It
has been experimentally reported the lifetime of hot carriers in
few-layer graphene appears to be longer than those in epitaxial
graphene and graphite, indicating it is an important optoelectric
material in high speed optoelectronics such as absorbers and
modulators [42]. Besides, the optical transmittance of multilayer
graphene can be modulated by means of an electrical signal in the
simple configuration of coplanar electrodes [43]. Therefore, it offers
new opportunities to explore an electrically controlled optical ef-
fect in terahertz metamaterials infiltrated with multilayer gra-
phene. However, few reports concerning the tunable optical effects
based on multilayer graphene have been presented in the
literature.

Here we theoretically demonstrate a new mechanism for the
chemical-potential manipulated NR effect. It can be realized by
stacking multilayer graphene with Bernal sequence together where
the spaces between the neighbor multilayer graphene are filled
with dielectric materials, i.e., cubic boron nitride (BN). Owing to the
Drude-like dynamics of multilayer graphene at low frequency
regime, it provides the negative permittivity over a certain fre-
quency. The existence of the multilayer graphene and BN slab lead
to an effective anisotropic characteristic of the composite, whose
anisotropic properties enable the observation of NR phenomenon.

The spatial-distributed field intensity and power distribution fig-
ures are a manifestation of anisotropic feature, where the NR
happens at transverse magnetic polarization (TM) but not for
transverse electronic polarization (TE). In addition, similar to the
single layer graphene, multilayer graphene is also sensitive to the
gate voltage [44], thus the gate bias-sensitive NR is also investi-
gated. Our results suggest that tunable NR effects are observed in
multilayer graphene instead of single layer graphene. Importantly,
this function can be extended to multilayer graphene with more
layers and random orientation, making it more feasible for optical
measurement in experiment. Thus, tunable NR effect can be real-
ized by designing multilayer graphene with different layer
numbers and stacking sequence other than nonlinearity, avoiding
the need of strong incident pumps.

2. Methodology

A periodic structure is proposed which consists of alternating
multilayer Bernal stacking graphene and dielectric materials as
schematic figure shown in Fig. 1. The multilayer graphene lies in the
x-y plane, which is separated by a normal dielectric BN slab.
Multilayer Bernal stacking graphene is used as a candidate due to
the fact that the same configuration with single layer graphene
doesn't support NR properties (See Supplement file for details). BN
is chosen as the spacer material due to the experimentally
demonstrated good sample quality when graphene sits on it. z is
propagating direction and a THz plane wave impinges upon the
structure with an angle 6;. A TM polarized light is a wave with the
magnetic field perpendicular to the plane of incidence (xz), while
TE polarized light is the wave with the electric field perpendicular
to the plane of incidence. The thicknesses of multilayer graphene
and BN slab are d; and dy, respectively. m is the repetition number
of the structure.

The phase (6,) and group (6s) refractive angles are given by Ref.
[45].

y

Fig. 1. Schematic of the negative refraction effect in multilayer graphene/cubic BN
metamaterials. The sheets with black balls and lines show the schematic structure of
multilayer graphene. The large space scale is taken for better visualization of multi-
layer graphene's geometry. Cubic BN is the spacer, which stacks with multilayer gra-
phene alternatively. The thicknesses of multilayer graphene, cubic BN and total
thickness of the stack are indicated in figures. An external gate voltage can be used to
control the chemical potential of multilayer graphene. (A color version of this figure
can be viewed online.)
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and z components of Poynting vector for TM (TE) mode, respec-
tively, where Ey (Hy) are the electric (magnetic) field at the arbitrary
position of z. They can be obtained from 2 x 2 transfer matrix
method, which can be found elsewhere [46]. For comparison, we
also calculate the phase and group refractive angle in the frame of
effective medium theory (EMT) [ 14]. We know that PC structure can
be treated as an effective anisotropic material with parallel and
perpendicular permittivities in the long wave approximation,
whose values are determined by e =% and 4.+ = % 1 &,
respectively. With these effective parameters, the wave vector and
Poynting vector are easily obtained.

Regarding of multilayer graphene, five-layer graphene is chosen
as an example and its AC-conductivity can be obtained by Kubo
formula [47],

0us(@) = zei [ 2w
—flo+Q—p)] /%Tr [vaA (a) +Q, E) vgA (w, E)} ,

(2)
(a,6 =x,y), where f(x) = W is the Fermi-Dirac function and T/
w is the temperature/chemlcal potential. Tr is the trace and A(w) is
the spectral function, connected to electronic Green's function Gj(z)
by Gji(z) = = [ gi ’2’7(“ Ve is the velocity matrix which can be
obtained by the derivatives of the Hamiltonian via Peierls substi-
tution. The broadening parameter is assumed to be 1.3 meV and the
temperature is chosen to be 10 K. Chemical potential (i) is used to
control the carrier density of the multilayer graphene. Here, the
rigid band assumption is taken upon the application of different
chemical potential [48]. For the spacer, the BN is just being used as a
substrate which is made of cubic BN. The real and imaginary parts
of the refractive index of cubic BN were obtained from the pub-
lished data [49].

3. Results and discussions

In Fig. 2 we illustrate the dependence of 0, and 6 on frequency
for TE (s) and TM (p) modes at ; = 60°, respectively. Here p is
taken to be 0.1 eV. For comparison, the results obtained from EMT
are also shown in Fig. 2. The black (solid) and red (dash) lines
represent 0, and fg, respectively, while the blue (dotted) and
green (dash dotted) are the results from EMT. It can be clearly
observed that 05, and ;¢ increases first and remains almost the
flat due to low phase and group refractive index at low frequency

region. They then drop sharply to 16.5° at a frequency of 48.8 THz.
Beyond this point, , and 6, increase in the range of 48.8—70.9 THz
and then decrease again. The variation of , and ; are indicated by
the change of phase and group refractive index. Obviously, 6, and
0, are positive and equal as shown in Fig. 2(a).

On the contrary, 6, , shows the similar behavior as the case of 0,
and it is positive. 0, decreases a lot and then becomes zero at
40 THz. Remarkably, 6, ¢ exhibits negative value over 40—44.09 THz
for TM mode, which is known as group negative refraction. The
fundamental dip occurs at 40.4 THz and has a negative value
of —15.3° as shown by the red dashed line in Fig. 2(b). This is the key
feature existing in the designed structure, which makes multilayer
graphene potential candidates for NR effect at near-IR frequency
region. We can see that the curves of f, and f; obtained from Eq. (1)
and EMT are in coincidence with each other over a large frequency
region including the negative group refraction region, which proves
that EMT is effective to clarify the physics of negative group
refraction behind. This allows us to directly elucidate all of the
relevant electromagnetic parameters of the composite by EMT. It
considerably simplifies our understanding on negative group
refraction because there is no need to take into account the detailed
interfaces.

In Fig. 2(c), we show the real and imaginary part of the AC
conductivity of five-layer graphene at 4 = 0.1 eV. At low frequency
where the intraband transition dominates, the real part of AC
conductivity Re[o] decays rapidly and the imaginary part of AC
conductivity Im[¢] is positive, which exhibits a typical Drude-like
behavior. After a flat region in Re[c], the interband transition
overwhelms, where a small jump in Re[¢] occurs and the negative
Im[o] can be seen. Besides, the magnitude of Re[¢] is less than 1
over a large frequency region in five-layer graphene, indicating its
small imaginary part of permittivity and low loss. Fig. 2(d) shows
the calculated real parts of the effective parallel and perpendicular
permittivities by EMT as a function of frequency, respectively. As
observed, it first increases from negative value and then decreases
with the frequency increasing in Re[g)] and there is a hump cor-
responding to negative dip in Im[c]. Especially, the transition
point between negative and positive values happens at the fre-
quency of 40 THz. Obviously, Re[e, | first increases to a large pos-
itive value, which decreases to negative value at the same
frequency of 40 THz. With the further increase of frequency, Re|¢, |
becomes positive value again. There is a region with simulta-
neously positive Re[¢|] and negative Re[e,], which is in accord
with the regime with negative 0. It is useful to identify the NR
regime. The large carrier mobility of multilayer graphene makes
its intrinsic loss lower than that of the metals. Therefore, the
capability of five-layer graphene equipped with the combination
of its low loss and ultrathin thickness enables the electromagnetic
wave propagation in an unusual way, i.e., NR effect.

It is well known that negative refraction effect can be under-
stood in terms of Poynting vector, which does not always align
with the direction of wave vector illustrated in reported aniso-
tropic NRI materials [14]. Such a feature is used to judge whether
materials exhibit NR properties. For the effective uniaxial aniso-
tropic material, the Poynting vectors of TE and TM modes read
[50].
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Fig. 2. Phase and group refractive angles in five-layer graphene/cubic BN metamaterial. (a) Phase (fs,) and group (fs) refractive angles versus frequency for TE mode (b) Phase (6}, ,)
and group (f,¢) refractive angles versus frequency for TM mode. The black solid and red dot lines are the phase and group refractive angles, respectively. Blue dot and green dashed
dot lines are the results from EMT. (c) Real (black solid line) and imaginary (red dot line) parts of AC conductivity versus frequency for five-layer graphene, which are obtained from
Kubo formula. (d) The real parts of the effective parallel (black solid line) and perpendicular permittivities (red dash line) versus frequency obtained from EMT, respectively. In
(a)—(d), thickness of cubic-BN is 4.5 nm and the chemical potential is set to be 0.1 eV. (A color version of this figure can be viewed online.)

Note that the energy flow should propagate forward and thus it
requires the signs of the Poynting vector along the normal direction
should be continuous. In our cases, that is to say e,- S >0. There-
fore, the tangential direction of the Poynting vector dominates that
the refraction is positive or negative. Based on this argument,
obviously, TE mode only involves in permeability and thus it is
isotropic, implying we have equal and positive 6, and 65 for TE
mode. The case is totally different for TM mode. The coexistence of
g and ¢, determines its anisotropic properties. It is clear that the
sign of z component of Poynting vector depends only on the term
kz /e, illustrating that the sign of k; and ¢ should be the same to
satisfy the above requirement. Then ¢ is positive/negative and k;
must be positive/negative, indicating its positive/negative phase
refraction. On the contrary, the sign of ky/ey, i.e., ) is thus vital to
determine the sign of group refraction. As illustrated in Fig. 2 (d),
the region of negative ¢, is exactly coincidence with that of nega-
tive group refraction for TM mode and positive ¢ results in positive
phase refraction.

To further validate our claim that the NR here originates from
the sign of effective ¢, the electric field distribution and time-
averaged power density are instructive to identify the possible NR
effect upon the Gauss-shaped illumination. It can be calculated
based on the electric (or magnetic) field profile at the incident
medium for TM (TE) mode, which is written by

HOy _ fj;: dkx¢(kx)eikxx+ik022(EOy _ f:r:: d’<x¢(kx)eikxx+il<012)‘ where
g

82 (kx—kjy)?
¢ = mﬁf B
mation of the shape of the footprint at x =z = 0. kjy = £, /ggupsin 6;
is the angle of the center of the incident wave, w is the angular
frequency of incident wave and c stands for the velocity of the light

is the Gaussian spectrum and it carries the infor-

in the vacuum. The magnetic and electric fields in the incident
medium for TM mode are given by Ref. [50].
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In the region where the five-layer graphene or cubic BN oc-
cupies, the electric and magnetic fields can be written as
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In the outgoing medium, the electric and magnetic fields take
the form,
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where kiJ(e;), Kjz(¢j), ki(er) are z-component of the wave vectors
(permittivities) in the incident, j-component, outgoing media,
respectively. The coefficients of R, Ty, A;j, Bj are the reflection,
transmission coefficients, the amplitudes of magnetic field for for-
ward and backward waves in j-component, respectively. These can
be determined by the transfer matrix method [46]. Along with the
electric and magnetic fields distribution in all regions, the time-
average Poynting  vector  can be calculated via

|(Sn)| = 3% \/[Re(Eanny*)]2 + [Re(EnzHny")]%, where n = i, j, t stands
for the incident, j-component and outgoing regions, respectively.
The case for TE mode can be treated similarly by replacing the
permittivity with the corresponding permeability.

Fig. 3(a)—(d) show the calculated electric-field profile obtained
from Eqgs. (5)—(7) and time-averaged power density of the incident
wave transmitted by the composite with the map of the electric-
field distribution in x-z plane at #; = 30°. From the electric field
distribution and power density, it can be found that the center of
output TM wave exhibits negative lateral shift compared with that
of incident wave when propagating through the composite,
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Fig. 3. Illustration of negative refraction by electric field intensity and power density
distribution. Calculated electric field distribution (a) for TM mode (b) for TE mode in
five-layer graphene/cubic BN stacks; The power density distribution (c) for TM mode
(d) for TE mode. The arrows indicate the shift of the outgoing Gaussian beam and
vertical solid line represents the edges where the composite covers. In (a)—(d), the
chemical potential isy = 0.1 eV. The specified frequency is f = 41.68 THz, which is
randomly chosen from the region where NR happens. The similar profile is observed at
other frequencies with negative 0, The mesh resolution was 0.09 nm along the
propagation direction. (A color version of this figure can be viewed online.)

indicating its negative group refraction, while the TE wave expe-
riences positive lateral shift and thus positive group refraction
when it transmits through the composite. Thus, the interaction
between the TE mode and the composite eludes the possibility of
NR effect. This is in good agreement with the previously theoretical
description due to the anisotropic spatial dispersion of the effective
composite. Thus it proves that an interface between air and the
effective uniaxial composite supports negative group refraction for
TM mode when e, <0 condition is satisfied. This is an important
confirmation of the theoretical predictions of negative group
refraction, demonstrating that the NR can be achieved in multilayer
graphene-based composite apart from semiconductor/metal com-
ponents. With increasing total thickness of the composite, the
negative lateral shift will be more significant. It can be ascribed to
the fact that the lateral shift is strongly dependent on the distance
light travels, which would be helpful for experimental
observations.

Moving further, we study the interaction between light and the
effective composite under different chemical potential p. The
combination of unique dispersion relationship and few atomic
layer thickness of multilayer graphene determines that the chem-
ical potential can be fine controlled by electrostatic gating or
chemical doping. Fig. 4(a) displays the group refractive angle of the
TM mode as a function of frequency and incident angle at various
u=0.1,0.2 and 0.3 eV, respectively. We can see that there is no NR
region at f; = 0° and NR region is almost invisible at low incident
angle. With incident angle increasing, a region of negative group
refractive angle for TM mode appears. The frequency range of NR
keeps unchanged but the amplitude of the maximum NR angle gets
larger with an increased incident angle. Fig. 4 (b) and (c) shows the
chemical-potential modulation on 6 for TM mode at p = 0.2 and
0.3 eV, respectively. It can be observed that the curves show similar
behaviors but with modulated peak values and shifted peak posi-
tions in 6, under different p. At an increased chemical potential
p = 0.2 eV, the region with negative 6, gets larger from 40 to
59.9 THz and the magnitude of the maximum NR angle
approaches—73.1°. In addition, the position of the maximum
negative refractive angle is shifted to higher frequencies. With the
further increase of p, the region of negative 0, shifts towards low
frequency which occurs at the frequency of 36—57.5 THz and the
maximum negative refractive angle slightly gets smaller. This
dependence of 6, on the chemical potential can be ascribed to the
unique properties multilayer graphene has. The variation of ¢
originates from the change in AC conductivity of multilayer gra-
phene and thus the effective permittivity parameter, which leads to
the variation in the magnitude and the shift in the position of the
maximum 6. This chemical potential-controlled NR effect enables
wide applications in multilayer graphene-based structures, dis-
tinguishing this PC composed of multilayer graphene from that
composed of conventional metal.

The currently existing NR devices mainly rely on the compo-
nents of metal or semiconductor. We know that the optical prop-
erties of most metals are hard to control if the composition or
geometry of the nanostructures stays the same. In contrast to
conventional NR produced by metal bulky materials or nanowires,
the NR effect introduced by multilayer graphene in our devised
structure is strongly sensitive to external stimulus, such as chemical
potential or strain, exhibiting a controllable NR response. In addi-
tion, semiconductors support temperature-controlled optical
properties, but the carrier mobility in conventional semiconductors
is low at room temperature and high carrier density. These inherent
drawbacks of metal and semiconductors impose serious re-
strictions to the applications in tunable optoelectronics. Unlike the
NR devices made of metal/semiconductor materials, our configu-
ration is capable of generating tunable NR effect even at room
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temperature in which those established methods are not able to
function competitively. It can be ascribed to the fact that the
carbon-based family, such as graphene and multilayer graphene,
provide large tunability and outstanding carrier mobility. There-
fore, our proposed scheme offers a promising avenue to realize NR
effects using multilayer graphene.

Power density distribution is vital to demonstrate the exis-
tence of NR effect. From experimental point of view, the trans-
mission and/or reflectance spectrum is also instructive to identify
when negative group refraction happens. In our cases, the ratio of
TM/TE reflectance spectrum has a more clear indication of NR
effect compared with the case of transmission. We thus plot the
ratios of TM/TE reflectance spectrum of the stacking configuration
as a function of frequency under different incident angle and
chemical potential in a logarithmic scale in Fig. 5. It can be
observed that an obvious narrow region appears around 40 THz in
the log(Rrm/Rte) at p = 0.1 eV and log(Rw/R1e) exhibits a clear and
wider range with an increased p, which corresponds to the region
with NR effect in TM mode described above. This can be explained
as: when the working frequency approaches the frequency with
e, =0, the TM mode experiences a high reflection peak at this
position and the associated frequency dependence of the TE mode
has no observable feature, thus determining the right edge of NR
effect [14]. The left edge is revealed by the transition point be-
tween positive and negative value in ¢;. The characteristics of
reflectance spectrum allow to directly assessing the region with
negative group refractive angle. We like to emphasis that our
conclusion does not necessarily limited by multilayer graphene
with Bernal stacking, which can be extended to other stacking
orders with semimetal properties. Experiments have shown that
the misaligned multilayer graphene exhibits such features single
layer graphene has [51]. Therefore, NR is also expected in mis-
aligned multilayer graphene, lowering the fabrication difficulty

and making NR effect more available in experiments.

4. Conclusion

In this work, we introduced an adjustable NR effect operating at
terahertz frequencies in multilayer graphene-based configuration.
The previously proposed models composed of conventional semi-
conductor/metal slab favoring NR effect cannot be applied to
single-layer graphene, but holds true for multilayer graphene
models. The phase and group refraction are the same under excited
TE polarized light due to the isotropic characteristics. The negative
group refraction for TM mode has clearly been identified theoret-
ically due to the anisotropic features in the composite with a
demonstration by the results of the distribution of electric field
profile and Poynting vector. In addition, we observe a sensitive
dependence on the gate voltage and a shift of the negative group
refraction, enabling tunable optical devices with multilayer
graphene.
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