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Slow light in graphene plasmonic time crystals

HE Zhen, ZHUO Li-qiang, LI Zhi, ZHUANG Feng-jiang, SU Shao-jian, LIN Zhi-li, QIU Wei-bin®
(College of Information Science and Engineering, Huagiao University, Xiamen 361021, China)
* Corresponding author, E-mail: wbqiu@hqu.edu.cn

Abstract: In order to control the group velocity of slow light, a graphene plasmon time crystal slow light
waveguide was constructed and used for the waveguide to construct the Zigzag topology interface channel for
transmission. When the structure is fixed, the external bias voltage of the graphene nano-disk can be dynam-
ically adjusted to obtain the dispersion curves at different times. The corresponding group velocity is studied.
First, the graphene plasmon time crystal is obtained by applying the bias voltages periodically varying with
time to different regions of the honeycomb arranged graphene nano-disks. When the time translation sym-
metry of the crystal is destroyed, the crystal band gap will periodically appear and disappear with time, and
exhibit the band topology effect. The Zigzag topology interface is constructed to analyze the topological in-
terface state and its slow light mode existing at different moments. Then the corresponding group velocity is
calculated according to the dispersion curve. Finally, a slow light waveguide model is established through nu-
merical simulation, and the field enhancement process is detected at the light energy capture point of the
waveguide. Simulation results show that the waveguide designed based on the graphene plasmon time crys-
tal can achieve a good slow light transmission effect, and the group velocity of the light can be dynamically
adjusted when the waveguide structure is fixed. Under slow light transmission, the light energy capture point
realizes the field enhancement effect. The slow light waveguide with simple structure can be dynamically

tuned, and has broad application prospects in slow light modulation devices and optical storage devices.

Key words: slow light; graphene; plasmonic time crystal; dynamical tuning
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1 Introduction

The slow light technology has attracted more
and more attention due to its quite broad potential
application prospect in optical field regulation and
optical storage devices!'™. Controlling the structure
dispersion to realize slow light is one of the com-
monly used technologies at present. The main meth-
od of this technology is to control the light group
velocity by designing a slow optical waveguide with
a specific structure. Slow light generated in such
photonic crystal waveguides has been observed in
several studies™. However, in the previous slow
optical waveguide structure, when the group velo-
city becomes slow, its supported bandwidth is very
narrow, and it is also accompanied by a huge group
velocity dispersion effect. Scheuer J. et al. used a
complex coupled resonant optical waveguide to
achieve internal dispersion compensation and solved
the problem of distortion®. In recent years, Surface
Plasmon Polaritons (SPPs) waveguides have been
used to realize slow light, which can achieve higher
slow light capacity with a fixed structure, but the ad-
justment of slow light performance is limited”. In
addition, the large group velocity dispersion effect
of the chirped structure can cause seriously distor-
tion of the optical signal, and the device has a lim-
ited operating frequency range™. Furthermore, the
structural design of traditional slow-light devices is
complicated and their tunability is poor once the
structure is fixed, which limits their practical applic-
ations.

Photonic crystals have good topological band

effects, and their topological concepts have great

doi: 10.37188/C0.2021-0201

potential in the application of photonics, which has
attracted extensive attention. Topological photonic
structures have subverted some conventional views
on wave propagation and manipulation. Applying
topological photonic crystals to wave propagation
makes it possible to realize new photonic devices
with specific funtions, such as sharp bending waves
without reflection, robust delay lines, spin polariza-
tion switches and non-reciprocal devices”. Re-
cently, Chen Xiaodong et al. proposed and proved
that the valley states in topological photonic crys-
tals can be used as topological protection to realize
light transmission. The design is to place two topo-
logical photonic crystals with different topological
structures in mirror images to form an interface that
can achieve topological protection''”. Later, Yoshimi
et al. proposed a method to realize topological slow
optical waveguides in valley photonic crystals!'!.
The waveguide structure is based on a semiconduct-
or substrate to realize slow light transmission with a
group index greater than 100 in the topological band
gap range, but the manufacturing process is com-
plex, and the structure has no tunability and does not
involve the change of field strength caused by slow
light. With the deepening of research, it is found
that the topological band gap structure of valley
state can be realized in photonic time crystal materi-
als whose refractive index changes periodically with
time!'"?. The method is that by breaking the crystal
time translation symmetry, photonic time crystals
can achieve topologically non-trivial phases!'*'",
thereby affecting the propagation of light in the
crystal.

It is well known that graphene has unique elec-

trical and optical properties, especially it supports
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surface plasmonic excitation waves, and has relat-
ively low ohmic loss and high tunability"®. Jin et al.
designed monolayer graphene with periodic pat-
terns to achieve topological unidirectional boundary
transport by introducing a static magnetic field"”
Later, Wang Yang ef al. realized topological valley
plasmonic transport in bilayer graphene metasur-
faces for sensing applications'®. Recently, Guo Xi-
ang et al. designed a graphene SPP equivalent two-
dimensional photonic crystal slow light waveguide
through photonic crystal line defects, and achieved
slow light modulation through the gradual change of
chemical potential of graphene in space!'. Like-
wise, it is very important to realize the modulation
of the slow light transport in the valley state topo-
logy of graphene plasmonic crystals in time. In this
paper, we propose a novel approach to achieve topo-
logical slow light transport in waveguides construc-
ted from graphene plasmonic time crystals. Two-di-
mensional graphene plasmonic time crystals consist
of a set of graphene nanodisks periodically ar-
ranged in a honeycomb pattern. By controlling the
periodic change of the chemical potential of
graphene with time, the time-translational sym-

metry of graphene plasmonic time crystals is
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Fig. 1

broken. Numerical simulations show that the plas-
monic time crystal band gap can open and close
periodically with time. Further, we find that the Zig-
zag edges can support near-zero electromagnetic
transport group velocities within the topological
bandgap. Numerical simulation results of electro-
magnetic transmission in slow light waveguide
show that the topological waveguide can generate
slow light. The advantages of this method are
simple structure, good field enhancement effect and
dynamic tuning ability, which provides a new way

for dynamically realizing optical field regulation.

2 Numerical simulation methods and
models

In this paper, a valley state topological slow
optical transmission waveguide is implemented
based on graphene plasmonic time crystals. As
shown in Fig. 1(a) (Color online), the waveguide ad-
opts the Zigzag structure topological interface as the
transmission channel, and the top is composed of
graphene nanodisks. Graphene is in contact with air,
Si0, is selected as the background material, and Si

as the substrate material. It can be seen from the

(b)

®

v

v

Voltage

(a) The three-dimensional schematic of slow light waveguide, with a single layer of graphene nanodisks at the top. The

graphene is exposed to air on the top, the background material is SiO,, and the substrate material is Si. Different

graphene nanodisks are applied with different bias voltages: V(¢), V5(f) and V3(¢). The diagram on the right shows how

voltage is applied. (b) The graphene nanodisk’s external bias voltage changes periodically with time
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cross-sectional view of the waveguide in the figure
that the bias voltage is applied to the graphene nan-
odisk and the silicon substrate. The silicon pillars
are arranged in a triangular lattice, and V(¢), V,(¢)
and V5(f) are the bias voltages applied to the
graphene nanodisks, respectively. This method is
based on the photonic crystal realization mechan-
ism of the graphene plasmonic exciton®. When the
distance between graphene and the substrate is con-
stant, the chemical potential of graphene can be
changed by changing the applied voltage.

It is assumed that the relative permittivity of
the surrounding environment of graphene is &, and
&n, respectively. The relative permittivity of the
substrate SiO, is £,,;=3.9, and the relative permittiv-
ity of the air on the upper surface of the graphene is
£n=1. In our numerical simulation, the TM mode is
considered and the electric field form of TM mode

is assumed to bel!:

E,=Ae#"%% E =0,E, = Be“"" 2%, (z>0)
E.=AeP*= E =0,E, = Be"*%, (z < 0)
(D
Substituting equation (1) into Maxwell's equa-
tions, adding the surface conductivity of graphene
(O'g) to participate in the formula transformation,
and matching the corresponding boundary condi-
tions, the dispersion relation of the TM mode is ob-

tained as?:

£ £ Ol
i + = =—— . @

2 2
\/Bz _ e’ \/Bz _faw’ 9%
c? c?

where g, is the vacuum permittivity in free space, w

is the angular frequency of the plasmon, and c is the
propagation speed of light in vacuum. In the whole
calculation process, we only consider the case of the

. w .
propagation constant 8 < —, so equation (2) can be
C

simplified to the following form®:

, (3

&1+ En ) 2wi

,3:.90( 2

Oy

where B is the propagation constant based on

graphene SPP, the surface conductivity of graphene

o, can be adjusted with temperature 7, chemical po-
tential y., scattering rate T and angular frequency w,
which consists of two parts: intra-band electron
scattering o and inter-band electron transition

Tinter» according to Kubo Formula™:

, 4

a-g = Cintra T Tinter

kg T
Tintra = _j 2e 2 . |: He + 21n(eﬁuc/kBT + 1)] 5
i (w—jr') [keT
(5)
—je’ (2l = (w=jr)A
Ointer = . (6)
dahi -\ 2]+ (w—jT ") A

where kg is the Boltzmann constant, e is the charge
of the electron, and # is the reduced Planck constant.
Specifically, the chemical potential of graphene .
can be effectively tuned by an externally applied

VOltage[zo’ZI’ 24-25]

CoV
ut.(t):hvm/nTg(t) , 7

where vg is the Fermi velocity, C,, is the gate capa-
citance™, and V,(r) is the applied voltage that
changes periodically with time. In this paper, the
curve of the applied bias voltage of graphene nanod-
isk changing periodically with time is shown in
Fig. 1(b) (Color online). By changing the bias
voltages V,(f), V,(f) and V;(¢f) applied to the
graphene nanodisks, the graphene chemical poten-

tials pe (£), pe2(f) and pe3(f) are changed.

3  Numerical simulation results and
discussion

3.1 Graphene plasmonic time crystal model and

properties

First, we explored the energy band topology of
2D graphene plasmonic crystals composed of
graphene nanodisk arrays arranged in a triangular
lattice. The time crystal structure of graphene plas-
mon is shown in Figure 2 (a). The dotted line area is
the crystal cell, and the solid line part is the Bril-
louin region of the crystal, where T - M —K —T" is

the reduced wedge of Brillouin region, a is the crys-
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tal lattice constant, <=40 mm, and the radius of
graphene nanodisk is expressed as » and 7=0.21a.
Uel, Mo and p3 are the chemical potentials of differ-
ent graphene nanodiscs, respectively. From equa-
tion (7), it can be seen that the chemical potentials
of these graphene nanodiscs can also change period-
ically with time, which can be written as pu(¢) ,
He() and ()7,
graphene nanodisks can be flexibly controlled in

The chemical potential of

time by applying periodic changed bias voltage of
Vi(), Va(¢) and Vi3(¢). Here, we calculate the energy
bands of graphene plasmonic time crystals at sever-
al moments in one cycle, as shown in Fig. 2(b)
(Color online), where the black line depicts that,
when =0 s (i.e. Au=u. — =0 eV), the chemical
potentials of the graphene nanodisk are u.=u,=

0.3 eV and u,=0.6 eV, respectively, the two en-

(2)

ergy bands degenerate at the K point and intersect at
the Dirac point, and there is obviously no band gap.
During the periodic change of chemical potential
with time, the time-translation symmetry of the
graphene plasmonic time crystal is broken, the
Dirac cone dispersion will be split, and the band
gap will be opened®”. The green, blue and red
curves in Fig. 2(b) depict the band structures
of the following three time nodes: 1,=1 e¢'*s (i.e.
Au=0.1 eV), t,=1.5 e s (i.e. Au~0.12 eV) and t;=
2 e'%s (i.e. Au~0.14 eV), respectively. It is clear
that the crystal band gap undergoes a process from
closing to opening over time. It is worth noting here
that this graphene plasmonic time crystal energy
band change over time can be performed without

changing the geometry.

(b)

—Mu=0

e t=16712 5, A =0.10
— =152 s, Ap=0.12
=2e¢ 25, Au=0.14

Frequency/THz

r K M r

Fig. 2 (a) Schematic diagram of graphene plasmon time crystal structure. (b) Energy band diagrams of graphene plasmon time

crystals at four different moments in a cycle of external bias voltage change
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In order to verify the properties of graphene
plasmonic time crystals, a numerical simulation
study is designed in this work. As shown in
Fig. 3(d), in a region composed of graphene plas-
monic time crystals, an excitation source is placed at
point P, and the relationship between the chemical
potentials of graphene nanodisks satisfies the vari-
ation law shown in Fig. 3 (a). Here, electromagnetic
waves with a frequency of 46.50 THz are excited

from the excitation source. We further explored the

change trend of crystal energy band gap with the
change of graphene chemical potential. By analyz-
ing the opening and closing of the band gap, the
propagation phenomenon occurs when the fre-
quency of the excitation wave is in the conduction
band; however, when the frequency is in the band
gap, the wave will not propagate in this time inter-
valP'#, The simulation results are shown in Figure 3
(Color online), in which screenshots are taken of the

electric fields at four time nodes during the trans-
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mission process. With the periodic change of Ay, in
time, the transmission and inhibition alternate phe-
nomenon occurs in the timing of #=3.20 e¢'%,
t=4.16 ¢ '%s, t,= 5.82 ¢ s and =8.24 ¢ '%s, respect-

ively. This result can well illustrate that the

(a) (b)
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graphene plasmonic time crystal can realize the peri-
odic opening and closing of the energy band gap

with time by periodically adjusting the chemical po-

tential.

MAX

MIN

Fig. 3 (a) When p=0.6 eV, the relationship between Ay, and z. (d) A region composed of 5x10 graphene plasmon time crys-

tals. P is the position of the excitation source. (b), (c), (¢) and (f) Screenshots of four moments in the propagation pro-

cess at the time nodes of #,=3.20 ¢™'%s, t=4.16 ¢ '%s, 13=5.82 ¢"'*s and #=8.24 e s, respectively
B3 (a) Yuc=0.6 eV B, AucT t KRR o (d) 5x10 A1 SBIGEF B IOT I [a] S ARG — > X3k, P23 R TR E . (b),
(c), (e) A (f) RALHFT R 4 DA ZI R, BRI 252000 E0,=3.20 €712, 1:=4.16 €7'%s, 1,=5.82 e7'%s ll=8.24 €%

3.2 Zigzag topological boundary structure the-

ory and model

When the time-translational symmetry of the
graphene plasmonic time crystal is broken, the Dir-
ac cone dispersion is not preserved. From the point
of view of group theory, when the inversion sym-
metry is broken, the group symmetry of the point (K
or K') will be reduced from Cj, to Cs. In the energy
band, the Dirac cone is destroyed, and the two en-
ergy bands originally degenerated to the point K will

34-35

be opened®. By analyzing the change of the or-
bital angular momentum at the valley of the energy
band after the energy band is opened, we obtain the
phase distribution at point K at time of 7,=1 ¢ '*s (i.e.
Au~0.1 eV), =15 ¢ s (i.e. Au~0.12 eV) and ;=

2 e'%s (i.e. Au=0.14 eV). As shown in Figure 4

(Color online), it can be seen that, at different times,
the two energy bands appear the phase distribution
of Left-handed Circular Polarization (LCP) and
Right-handed Circular Polarization (RCP) at the de-
generate point K, respectively, that is, in the process
of Ay, changing with time, the energy valley at any
moment has the circularly polarized orbital angular
momentum in the opposite direction after the time
crystal energy band is opened. Therefore, we con-
struct electromagnetic transport at the topological
edge through electromagnetic modes that can be
loaded with different orbital angular momentums,
which provides a theoretical basis for the use of to-
pological boundary to construct slow light wave-
guides.

In this study, Zigzag topological boundaries are
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(b)

LCP

RCP

MAX
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Fig. 4 The phase distributions of Left-handed Circularly Polarized (LCP) and Right-handed Circularly Polarized (RCP) of the
time crystal appear at point K, which are expressed as the component of the electric field in the direction Z and the in-
plane Poynting vector (P,, P,). (a) and (d) the phase distribution diagram of point K at the time of Au=0.1 eV; (b) and
(e) the phase distribution diagram of point K at the time of Au=0.12 eV; (c) and (f) the phase distribution diagram of

point K at the time Au=0.14 eV

Kl 4 BHALHIRTE K s BB T ZEBERM AL (LCP) A eI AL (RCP) BYARLI 4345, Fm R AATE Z J5 7 L B 4 i Al
T I EN S 5 H (P, Py)o (a) AT (d) JEAE Ar=0.1 eV B} %1, K S AYHIL 045 5 (b) A1 (e) JE7E Ap=0.12 eV %1, K 5
FIARAL AR 185 (c) F (£) 1EAu=0.14 eV %I, K S AR /315

used to construct slow light waveguides. This topo-
logy is constructed from graphene plasmonic time

crystals, which generate “ temporal topological

boundary states”, they are temporal analogs of topo-

logical edge states!'*. Breaking the time-translation-

@
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al symmetry of graphene plasmonic time crystals
will lead to the opening of Dirac points at band de-
generacy, thus forming a full band gap in which to-
pologically protected boundary modes exist. The red
dotted line in Figure 5(a) (Color online) is the Zig-

)
i /\/\

50

T
g —r=2¢ s, Au=0.1
2 48k —r=1.5¢"s, A =0.12
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2
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k/(m-a™)

Fig. 5 (a) Schematic diagram of the Zigzag interface based on graphene plasmon time crystals, in which the bottom is the cal-

culation model of the finite period super cell unit and the simulation electric field distribution results. (b) The disper-

sion curves of the Zigzag interface mode at different times
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zag topology interface. By sampling the area within
the black dotted line, a finite period (N=19) super-
cell model is established in the commercial simula-
tion software COMSOL Multiphysics. Part of the
simulation results are shown at the bottom of
Fig. 5(a) (Color online), and it can be seen that the
electric field distribution is concentrated at the
boundary. We also calculated the dispersion rela-
tion of this boundary mode at different times
(Fig. 5(b)), and the gray area represents the projec-
ted body energy band diagram. Fig. 5(b) also de-
picts the projected energy bands of three boundary
states at the time #=1 e'%s, #,=1.5 e¢'’s and
t7=2 ¢ 2P, Obviously, when Apy. changes with
time, there is always a corresponding boundary state
at each moment, which means that the time simula-
tion based on the Zigzag topology boundary state of
the graphene plasmon time crystal is realized.
3.3 Slow light phenomenon and field enhance-

ment effects

By further analyzing the dispersion relation of
the above boundary modes, we can deduce a phe-
nomenon that the group velocity is zero (slow light)
at the extreme point of the dispersion curve. In or-
der to better study the group velocity of guided

modes existing in this boundary state, the partial

()
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Fig. 6

(b)

dispersion curves at three different times are plotted
in Fig. 6(a) (Color online). It is obvious that the dis-
persion is accompanied by severe bending, which
leads to the existence of slow light mode in the gap.
Based on the dispersion curves of these boundary
modes, the change curve of the group velocity with
angular frequency w can be calculated with the rela-
tionship v, = dw/dk"7". As shown in Figure 6(b)
(Color online), the red curve is the group velocity at
t;=1 e'*s and Au=0.1 eV, the group velocity tends
to zero, and the frequency to 50.2370 THz. At
t=1.5 e'*s and Au~=0.12 eV, the electromagnetic
wave group velocity is close to zero at the fre-
quency of 50.1149 THz, which is depicted in
Fig. 6(b) by the blue curve. At =2 e¢'s and
Au=0.14 eV, the group velocity is close to zero at a
frequency of 49.9292 THz, which is marked by the
green curve. Numerical calculation results show that
the group velocity of electromagnetic waves with
different frequencies reach zero at different mo-
ments, that is, the topological boundary can realize
slow light that its certain frequency electromagnetic
wave group velocity near zero at different moments.

Finally, with the slow light waveguide model
given in Fig. 1(a), a two-dimensional modeling is

carried out in the simulation software COMSOL, the

500 000
— 0.1
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—~ 300000
&
=" 200 000
100 000
O | 1 1
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(a) The boundary mode dispersion curve supported by the topological boundary under different Ay.. (b) The relation-

ship between group velocity and frequency under different Ay,
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Zigzag boundary structure is used as the transmis-
sion channel, and the excitation source is located at
P (as shown in Fig. 1(a)). The chemical potential of
graphene nanodisks can be flexibly controlled in
time by applying a bias voltage that varies periodic-
ally with V(?), V,(f), and V;5(f). The graphene SPP
wave with a certain frequency is emitted from point
P, and the whole process of its transmission in the
waveguide over time can be obtained. Figure 7
(Color online) shows the electric field intensity dis-
tribution results of plane waves with frequencies of
50.2370 THz, 50.1147 THz and 49.9292 THz
propagating in the waveguide respectively. In this
simulation, the plane wave with a frequency of
50.2370 THz is continuously excited from point P
at 1,=0 s , and reaches a state where the group velo-
city is close to zero after traveling along the wave-

~125, and the SPP wave transmis-

guide for time 1 e
sion stagnates at the position of X=307.998 nm.
Figure 7(a) shows the electric field screenshot of a
plane wave with a frequency of 50.2370 THz at

time ;=1 e 12

s during the transmission process. After
the plane wave group velocity is close to zero, the
excitation in the slow light mode is continued, and it
is found that the electric field intensity at the posi-
tion of X=307.998 nm (the green dot in Fig. 7(a))
reaches the maximum value at =1.4 ¢'*s, and the
electric field intensity at this time is much greater
than that at the excitation source. Plotting the elec-
tric field intensity in the waveguide at ~=1.4 ¢"'*s in
Fig. 7 (b), it can be found that the field intensity B at
the light energy capture point is greater than the
field intensity 4 at the excitation source. By plot-
ting the change process of the electric field intensity
at the green dot position in the time period from #,=
0 s to =1.4 e'%s is depicted in Fig. 7(c), we can see
that the waveguide achieves a continuous superposi-
tion of the electric field strength at the light energy
trapping point (green dot) and is higher than the en-
hancement effect of the excitation source due to

the field enhancement effect in slow light trans-

mission™, Figure 7(d) shows the electric field distri-
bution of the SPP wave with a frequency of
50.1147 THz from point P, which is continuously
excited from time 7=0 s, and propagates along the
waveguide for time 1.5e7'?s. When SPPs wave is
transmitted to £,=1.5 e'’s, the group velocity at
X=667.879 nm decreases to zero. In addition, we
also continuously observed the electric field at the
light energy capture point X=667.879 nm (blue dot
in Fig. 7 (d)), and obtained the cross-section of the
electric field distribution at the boundary at =
2.98 e¢'%s, as shown in Fig. 7 (e). This result shows
that at time =2.98 ¢ '’s, the electric field intensity at
the light energy capture point reaches the maximum
D and is greater than the electric field intensity C at
point P. Figure 7(f) depicts the superposition pro-
cess of the electric field strength at the blue dot from
time #,=0 s to =2.98 ¢ '’*s. Similarly, as shown in
Fig. 7(g), the SPP wave with a frequency of
49.9292 THz is continuously excited from point P at
time #,=0 s, and reaches a near-zero group velocity
after traveling along the waveguide for 2 e™'%s. The
light energy trapping is located at X=1029.122 nm
(red dot in Fig. 7(g)). Continuous excitation is car-
ried out in the slow light mode, and it is observed
that the electric field at the light energy capture
place reaches the maximum intensity F at time
t=3.22 e '%s, which is much greater than the electric
field intensity E at the excitation source, as shown in
Figure 7(j). During the time period from #=0 s to
t=3.22 e '%s, the change process of the electric field
intensity at the position of the red dot is depicted in
Fig. 7(j), which also experienced a process of super-
position of the electric field intensity. The above
simulation process takes SPP waves with three dif-
ferent frequencies, and modulates the light group
velocity close to zero by changing the applied bias
voltage on the graphene nanodisk respectively. It
can be seen that under the influence of the field en-
hancement effect, the waveguide realizes the con-

tinuous superposition of electric field intensity at the
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light energy capture point, which is higher than that
at the excitation source. These results show that the
slow light waveguide can make the SPP waves with
different frequencies stop at different times and pos-
itions, and the field enhancement effect occurs at the
corresponding optical energy capture points. In this
work, graphene plasmonic time crystals are used to
construct transmission waveguides, realizing the
modulation of slow light group velocity simply by
tuning the chemical potential of graphene. Com-
pared with traditional waveguides such as photonic
crystal line defect waveguides!, its structure is
simpler. Even if the structure is fixed, the wave-
guide performance can be flexibly modulated by
changing the applied voltage, which greatly im-
proves the electrical tunability of slow light wave-
guides. In addition, the SPP wave propagates at the
topological boundary as an evanescent wave whose
electric field amplitude is continuously attenuated,

and the longer the transmission distance, the

stronger the attenuation. By applying continuous ex-
citation at the excitation source and recording the
field strength superposition process at the optical
energy capture point of the waveguide, we intuit-
ively show the electric field change caused by the
field strength superposition effect in time, which is
not found in the previous slow light research
work!"'l. Since the modes in the waveguide are not
discrete, degeneracy of the forward and backward
modes will occur, resulting in energy loss. There-
fore, when the optical group velocity is zero in the
time sequence, the phenomenon of completely stop-
ping the optical group velocity, the so-called "sta-

tionary rainbow", does not actually occur.

4  Conclusion

In this paper, the time crystal band gap is peri-
odically opened and closed by dynamically con-

trolling the periodic change of the external voltage
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of the graphene nanodisk with time. Slow light trans-
mission with the group velocity near zero is real-
ized by the slow light waveguide made of graphene
plasmon time crystal. The simulation results show
that when the light propagates in the waveguide, a
group velocity close to zero can be obtained, which

is accompanied by the appearance of the field en-
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hancement effect at the corresponding optical en-
ergy trapping point of the waveguide. In the case of
adjusting the external bias voltage, the operating fre-
quency of the slow optical waveguide can be effect-
ively adjusted. Our research will be applied in the
future to devices in the fields of on-chip light buf-

fering and enhanced light-matter interactions.
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