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Exceptional points (EPs) are non-Hermitian degeneracies that can enable various intriguing applications
such as enhanced sensing and asymmetric mode switching. Here, we theoretically propose the design of
a 1 x 2 terahertz switch by employing the topological structure of the energy surfaces (i.e., eigenvalue
distributions in a two-variable parameter space) near an EP. The switch consists of a pair of terahertz
waveguides, one of which has a monolayer graphene laid on the bottom. The wave transmission through
the system can be understood by considering an adiabatic trajectory on self-intersecting Riemann sheets
due to the existence of an EP. The trajectory can be tuned by changing the chemical potential of graphene,
and as a result, we can choose in which waveguide the power exits to achieve the switching functionality.
The physics behind the switch lies in the fact that the trajectories on different sides of the EP lead to
different final states due to the unique topological structure of energy surfaces near the EP. We perform
numerical simulations to optimize the performance of the terahertz switch.
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I. INTRODUCTION

Exceptional points (EPs) are degeneracies in non-
Hermitian systems that have attracted much research inter-
ests in recent years [ 1—4]. The simplest model that exhibits
an EP is a parity-time-symmetric (PT-symmetric) two-
oscillator system with balanced gain and loss (i.e., non-
Hermiticity). When the gain/loss is equal to the intrinsic
coupling between the two oscillators, both the eigenval-
ues and eigenvectors of the system coalesce at an EP. An
interesting property of the EP is the topological structure of
the energy surfaces [5], i.e., the eigenvalue distributions in
a parameter space, which can give rise to unusual prop-
erties. For example, adiabatically encircling an EP in a
two-variable parameter space can result in an eigenstate
exchange due to the unique topological structure [6,7].
While many EP-related phenomena are studied using two-
state systems, higher order EPs have also been studied
and shown to exhibit an even more complex topological
structure of energy surfaces [8,9]. The intriguing physics
of EPs have given rise to a variety of fascinating and
counterintuitive phenomena [10—17].

From a theory point of view, non-Hermitian systems
are more challenging to handle mathematically, but non-
Hermiticity gives an extra degree of freedom that facili-
tates the development of new applications. For example,
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the topological structure associated with the EP has been
utilized to realize asymmetric mode switching by dynam-
ically encircling the EP [18—20]. Enhanced sensitivity has
been achieved near the EP by employing the square-/cube-
root singularity near a second-/third-order EP [21-23].
Some features of PT-symmetry have been employed to
design optical switches [24,25]. There are also applica-
tions in the fields of wireless power transfer [26], las-
ing [27,28], and metasurfaces [29], as well as molecular
physics [30,31]. We see that non-Hermitian systems can
realize some functionalities that are difficult to achieve in
Hermitian systems due to their unique characteristics.
Terahertz technologies have become increasingly impor-
tant in recent years due to the very diverse applications
[32,33]. For terahertz communication systems, a key com-
ponent is the terahertz switch, which is typically realized
using waveguide structures for the sake of enhanced light-
matter interaction [34]. Different switching principles have
been used, ranging from manipulating the bandgap of
photonic crystals using the electro-optical effect [35,36],
magneto-optical effect [37], and nonlinear effect [38], and
tuning the loss of graphene [34,39,40], as well as employ-
ing the interference effect by adding a control wave [41].
In this work, we make use of the topological features of the
energy surfaces around a second-order EP to designa 1 x 2
terahertz switch. We first study the eigenmodes of a pair
of terahertz waveguides with a graphene stripe attached to
one of them. We consider a two-variable parameter space
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and the eigenmode dispersions in the parameter space form
two self-intersecting Riemann sheets exhibiting an EP. We
consider the dynamical evolution that follows a particular
trajectory on the Riemann sheets and the designed trajec-
tory can be tuned by changing the chemical potential of
graphene. We find that although the starting state of the tra-
jectory is localized in the same waveguide, the final state
can be different when the trajectory in parameter space lies
on different sides of the EP. This path-dependence phe-
nomenon is then used to design the 1 x 2 terahertz switch
in which the chemical potential of graphene can be used to
pick the waveguide that carries the output signal. We per-
form numerical simulations to investigate the performance
of the switch. We also study the dependence of the per-
formance on the system parameters to optimize the device
performance.

I1. PHYSICS BEHIND THE TERAHERTZ SWITCH

We start by showing the design principle of the 1 x 2 ter-
ahertz switch using the topological structure of the energy
surfaces around an EP. Figure 1(a) illustrates the cross
section of a pair of terahertz waveguides placed on a
substrate. The refractive indices of the waveguides and
the substrate are set to be 1.6 and 1.4, respectively, at
the frequency of interest (approximately 0.5 THz). In the
experiment, the waveguide and substrate can be made
of polymethyl methacrylate (PMMA) and Teflon, respec-
tively [42]. The widths of the two waveguides are W, and
W,, respectively. Both waveguides have the same height H,
and they are separated by a gap distance of g. We introduce
loss into the system by placing a monolayer graphene with
a width of w at the bottom of waveguide-1, as depicted by
the red line in Fig. 1(a). The surface conductivity of the
graphene stripe can be determined by the Kubo formula
including both the intraband and interband contributions
[43]. At terahertz frequencies, the interband contribution is
very small compared to the intraband contribution so that
the surface conductivity takes the form

i’k T e e
= — ! 4+21n|l —
I nhz(w+ir—‘){kBT+ n[ +exp< ks )]}
(1)

where e, kg, T, T, and . represent the electron charge,
Boltzmann constant, temperature, relaxation time, and
chemical potential, respectively. Figure 1(b) plots the cal-
culated surface conductivity as a function of the chem-
ical potential at 0.5 THz, where we fix 7=300 K and
1=10""3 5. We note that by increasing the chemical
potential, the surface conductivity increases, which is asso-
ciated with a larger ohmic loss in graphene. In practice, the
chemical potential of graphene can be tuned using various
schemes including electrical gating, electrothermal effect,
photothermal effect, and optical excitation [44].

The loss of graphene plays a key role in manipulating
the EP in our system. To show this point, we study the
eigenmodes of the system, which give the steady form of
the wave propagation along the z axis. The eigenmodes
are confined inside the waveguide by total internal reflec-
tion, and they can be obtained by solving the Maxwell
equations,

2
VxVxE=20rE, )
c

where ¢ is the speed of light in vacuum and » is the
refractive index of the material, subject to the boundary
conditions. The magnetic fields are related to the electric
fields via H = V x E/(iwpo), where g is the free space
permeability. Each eigenmode has a propagation constant
B and the electric fields can be written as E(x, y) exp(ifz).
We only need to solve the transverse component E;(x,y)
since the longitudinal component E,(x,y) can be deter-
mined from the transverse one. In the proposed system,
each single waveguide is designed to support only two
eigenmodes, i.e., one with electric fields polarized mainly
along the x axis while the other one is polarized along the y
axis. We label them as x polarized and y polarized modes,
respectively. Since one component of the transverse elec-
tric field dominates over the other one, we can use the scale
field approximation to obtain the eigenvalue equation as,
taking the x polarized modes, for example [45],

2
V2E,(x,y) + ‘j—2n2<x,y)Ex(x,y) = BE(x,y),  (3)

where V, = x(3/0x) + y(3/dy) = V — iBz. The propaga-
tion constant and eigenfields can be obtained by solving
Eq. (3) and the corresponding boundary conditions. How-
ever, we cannot obtain analytical solutions for rectangular
waveguides without approximations. We use a numerical
finite element solver COMSOL Multiphysics [46]. The effec-
tive mode index n.g, defined as neg = B/ky with kg =27 /A,
can be calculated using the eigenmode analysis study in the
electromagnetic waves module, in which Eq. (3) associated
with boundary conditions is solved on the cross section of
the waveguide for a given frequency.

We show the calculated effective mode index of the
eigenmodes as a function of the chemical potential in
Figs. 1(c) and 1(d), respectively, for the x polarized and
y polarized modes. In the simulation, the structural param-
eters are W) =W, =0.7 mm, H =0.35 mm, g=0.1 mm,
and w=0.1 mm, and the frequency is 0.5 THz. From
Fig. 1(c), we see that the x polarized modes exhibit typ-
ical EP characteristics, i.e., the real parts of the effec-
tive index approach each other whereas the imaginary
parts repel each other as the chemical potential increases.
The x component electric field distributions of the eigen-
modes are shown at u.=0 and 0.4 eV in the inset of
Fig. 1(c). It is clear that when the loss of graphene is
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(a) Cross section of a pair of waveguides on a substrate. The red line illustrates a graphene stripe placed between waveguide-

1 and the substrate. The symbols Wi, W,, H, g, and w denote the width of waveguide-1, the width of waveguide-2, the waveguide
height, the gap distance between the two waveguides, and the width of the graphene stripe. The waveguides and the substrate have
the refractive indices of 1.6 and 1.4, respectively, and could be made of PMMA and Teflon. The background is air. (b) Surface
conductivity of graphene as a function of chemical potential at the frequency of 0.5 THz. (¢) Calculated effective mode index of x
polarized modes in the waveguide system as a function of the chemical potential. (d) Same as (c) except for y polarized modes. The
insets of (c) and (d) show the corresponding x and y components electric fields of the eigenmodes, respectively, where the red/blue color
corresponds to positive/negative values. In the simulations, the system parameters are W, = W, = 0.7 mm, H =0.35 mm, g =0.1 mm,

and w=0.1 mm. The frequency is 0.5 THz.

very small (. ~ 0 eV), one eigenmode is symmetric while
the other one is antisymmetric. At u.=0.4 eV, in con-
trast, the field of one eigenmode is mainly localized in
waveguide-1 while that of the other eigenmode is local-
ized in waveguide-2. This shows that the system enters the
broken symmetry phase when the differential loss becomes
larger compared to the coupling [10]. The situation is
quite different for y polarized modes for which the polar-
ized direction is orthogonal to the graphene stripe so that
the eigenmodes hardly interact with graphene [43]. As a
result, the eigenmodes exhibit almost no dispersion in the
parameter range shown in Fig. 1(d).

While EP-like behavior is evident, strictly speaking, the
EP for the x polarized modes does not appear in Fig. 1(c).
This is because only one waveguide is attached with the
graphene stripe and this causes a detuning of the effective
index eigenvalues. To access the EP, we need to change
another system parameter such as the width of waveguide-
2 to compensate for the detuning. Together with the chemi-
cal potential, we now have a u.-W, two-variable parameter
space. We calculate the effective mode index of the eigen-
modes as a function of the two parameters. The calculated
dispersion relations of the x polarized modes are plotted as
Riemann sheets [18] in Figs. 2(a) and 2(b) for the real parts
and imaginary parts, respectively. The red/blue sheet cor-
responds to the eigenmode with higher/lower loss. We find
an EP located at pu.gp =0.143 eV and W, gp =0.687 mm,

where both the real parts and imaginary parts of the eigen-
values coalesce. The self-intersecting Riemann sheets near
the EP can induce interesting dynamical properties such
as eigenmode exchange when the system dynamics follow
a trajectory encircling the EP [6,7]. Figures 2(c) and 2(d)
plot the Riemann sheets of the y polarized modes and no
EP can be found as the modes are insensitive to the loss of
the graphene stripe.

We design a terahertz switch based on the Riemann
sheets of x polarized modes. Manipulating the Riemann
sheets to design a dynamical process was first proposed
in Refs. [18] and [19], where asymmetric mode switching
was realized for symmetric and antisymmetric modes by
introducing a loop trajectory enclosing the EP. As we aim
to design a terahertz switch, a line trajectory perpendic-
ular to the u. axis is introduced, with the starting point
at W, =W, — AW and the end point at W, =W, + AW,
where the eigenmodes are symmetry-broken modes (or
localized modes, see Fig. 3). The starting point is fixed on
the lower-loss sheet (the blue sheet in Fig. 2). It is then
noted that the final states are different when the trajectory
lies on different sides of the EP if the evolution process
is adiabatic. One case is shown by the yellow line [see
Fig. 2(b)] which is “before” the emergence of the EP (i.e.,
e < tepp) as the loss is small. The state can climb up
to the higher-loss sheet (the red sheet) via the symmetric
phase, which is also a branch cut of the Riemann surface
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(a) Real and (b) imaginary parts of the effective mode index of x polarized eigenmodes as a function of 1. and #,. An EP

is located at p. gp =0.143 eV and W, gp = 0.687 mm. The yellow and white lines show two trajectories on the Riemann sheets with
e =0.05 and 0.25 eV, respectively, with the end state on the higher-loss sheet (red sheet) and lower-loss sheet (blue sheet), although
for both trajectories the starting state lies on the lower-loss sheet. Items shown in (c) and (d) are the same as those in (a) and (b) except
for y polarized modes, of which the energy surfaces do not possess an EP.

where the imaginary parts of the eigenvalues coalesce. As
aresult, the process ends up with a final state on the higher-
loss sheet. In another case, the trajectory is “after” the
emergence of the EP (i.e., i, > u.gp) as marked by the
white line [see Fig. 2(b)], which passes through the bro-
ken phase where the real parts of the eigenvalues coalesce
[also see Fig. 2(a)]. The final state remains on the lower-
loss sheet since “after” the EP, there is no branch cut that
connects the lower-loss sheet and higher-loss sheet.

The yellow and white trajectories can lead to different
mode conversion behaviors. To show this point, we plot
the evolution of the eigenfield distributions along the two
trajectories in the parameter space in Fig. 3. By introduc-
ing a large detuning AW (e.g., at the starting/end point), the
energy of the eigenmode would be mainly localized in the
lossy waveguide-1/lossless waveguide-2 when the eigen-
state lies on the higher-loss red sheet/lower-loss blue sheet.
More specifically, the yellow trajectory shows the process
by which the energy in waveguide-2 (starting point) gradu-
ally transfers to waveguide-1 (end point) via the symmetric
phase/branch cut (see the dashed line). In contrast, the
white trajectory shows a different behavior by which the
power flow is propagating in waveguide-2 for the whole
process. We note that although the input states of the two
trajectories both lie on the lower-loss sheet associated with
the energy localized in waveguide-2, the final states are

completely different in the sense that they stay on differ-
ent Riemann sheets with the energy localized in different
waveguides. The discrepancy is due to the topological
structure of the energy landscape around the EP.

These two different state evolution processes can be
employed to design a terahertz switch. A schematic dia-
gram of the design is illustrated in Fig. 4. Terahertz waves
with a power of P, are injected from waveguide-2 in
region I. The key component of the system is region II in
which the wave transmission through it follows the trajec-
tory on the Riemann sheets designed above [see Figs. 2(a)
and 2(b)]. More specifically, waveguide-1 with graphene
attached has a uniform width W; whereas the width of
waveguide-2 changes linearly from W; — AW (left side)
to W)+ AW (right side). The wave transmission can be
manipulated by tuning the chemical potential of graphene.
When the chemical potential is lower than p.gp, the
energy of the terahertz wave should be concentrated in the
lossy waveguide-1 (see the yellow trajectory in Fig. 3) at
the end of region II. As a result, the output power would
satisfy P; > P, in region III. When the chemical poten-
tial is larger than . gp, the power flow of the final state
is mainly propagating in the lossless waveguide-2 (see the
white trajectory in Fig. 3). We then have P, > P in region
III. By using an external parameter to tune the chemical
potential of graphene, we can manipulate the trajectory of
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FIG. 3. Parameter space and designed trajectories for the x

polarized modes. The star marks the EP, and the dashed and
dotted lines represent the symmetric phase and broken phase,
corresponding to the coalescing of imaginary parts and real parts
of the eigenvalues, respectively. The inset shows the evolution
of the eigenfield distributions (z component power flow) along
the yellow and white trajectories with . =0.05 and 0.25 eV,
respectively.

the state on the Riemann sheets and thus control the final
state, i.e., the waveguide in which the power goes out in
region III. This is the switching functionality we achieve in
our system. The first design of an optical switch using the
concept of PT-symmetry was proposed in Ref. [24]. Our
design is different in the sense that we employ the topolog-
ical structure of energy surfaces around the EP to design
the switch. Our state is adiabatically evolving on the Rie-
mann sheets while the state in Ref. [24] is fixed at one point
of the parameter space.

It is quite well known that in a dynamical process, nona-
diabatic transitions may occur when the state evolves on
the higher-loss Riemann sheet [18,20,47,48]. We note that
nearly half of the yellow trajectory lies on the red sheet.
But nonadiabatic transitions will not occur in our system
since we will show in the following device design that for
the yellow trajectory, the loss of the graphene stripe should
be as small as possible in order to achieve a good device
performance. The relatively small loss is not sufficient to
induce nonadiabatic transitions. In fact, the ideal working
condition for the yellow trajectory is that the system has no
loss so that nonadiabatic transitions will never occur.

III. PERFORMANCE OF THE TERAHERTZ
SWITCH

We perform numerical simulations to investigate the
performance of the designed terahertz switch. Near the
interface between region I and region II, the eigenmodes
in region Il are symmetry-broken modes (see Fig. 3)
since waveguide-1 and waveguide-2 have a detuning

(i.e., W1 #W,). As a result, the single mode propagat-
ing in region I can couple to the eigenmode localized in
waveguide-2 in region II very efficiently. We only con-
sider region II in numerical simulations. In the simulations,
we first solve the eigenmode field distributions at the two
interfaces using the boundary mode analysis study in the
electromagnetic waves module of COMSOL Multiphysics
[46]. The eigenfields are then used as boundary condi-
tions and the wave transmission in the system is calculated
using the frequency domain study. We define two conver-
sion efficiencies n; = P/Py and 1, = P,/Py, where P and
P, are calculated by integrating the power flow (or Poynt-
ing vector) in the whole cross section of waveguide-1 and
waveguide-2, respectively, at the interface between region
IT and region IIl. The system parameters are chosen to
be L =60 mm and AW =0.1 mm. Figure 5(a) shows the
conversion efficiencies as a function of the chemical poten-
tial for x polarized modes, where the vertical dashed line
marks the position of the EP (u. gp =0.143 €V). We note
that when p.=0, P, dominates the output power, indi-
cating that the power flow transfers from waveguide-2 to
waveguide-1 in the evolution process. When the chemi-
cal potential is larger than (. gp, the output is dominated
by P,. We also plot n; +n, as a function of w.. The
total conversion efficiency is found to decay at first, but
then increase again, with the inflection point around the
EP. This is a phenomenon of loss-induced transmission
enhancement.

The phenomenon can be understood from the simu-
lated z component power flow distributions for x polarized
modes which are shown in Figs. 6(a) and 6(b) with u. =0
and 0.5 eV, respectively. When the loss is small [Fig. 6(a)],
we can clearly see a transfer of the power flow at the
center of the system (z=~30 mm) because there is a
branch cut for the state to climb up to the higher-loss
sheet/waveguide-1 [see the yellow line in Fig. 2(b) for
intuitive understanding although the values of . are not
exactly the same]. The total transmission decays as the
graphene loss increases. Increasing the loss further leads
to the EP, after which the state can no long climb up to
the higher-loss sheet [see the white line in Fig. 2(b)] and
therefore the total transmission increases again. Figure 6(b)
shows such a case for which the wave propagates mainly
in waveguide-2 for the whole process. The phenomenon of
loss-induced transmission enhancement was also observed
in Ref. [10], but the mechanisms are different. The waveg-
uides in Ref. [10] have the same dimensions along the
waveguiding direction so that the corresponding trajectory
is a point in the parameter space. When the loss is small,
the eigenmodes are symmetric and antisymmetric modes
which cannot be used directly for switching functional-
ity. In our design, a detuning is introduced at the input
and output of Region II (i.e., W # W), which ensures the
eigenmodes to be symmetry-broken modes. We also design
a line trajectory and make use of the topological structure
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Schematic diagram of the terahertz switch. The terahertz wave with a power of Py is injected from waveguide-2 in region

I. Region II is the key region where waveguide-I has a uniform width #; while the width of waveguide-2 changes linearly from
Wi — AW (left side) to W, + AW (right side). The red region in waveguide-1 depicts a graphene stripe with a width of w [see Fig. 1(a)
for detailed position]. Region III is the output region in which the output powers in waveguide-1 and waveguide-2 are denoted by P,
and P, respectively. The system is designed to work at 0.5 THz. The optimized structural parameters are W, = 0.7 mm, AW =0.1 mm,

H=0.35mm, g=0.1 mm, w=0.1 mm, and L =60 mm.

of energy surfaces around the EP to realize the switching
functionality.

The conversion efficiencies for y polarized modes are
also calculated in Fig. 5(b) for comparison. As the cor-
responding energy surfaces do not possess an EP [see
Figs. 2(c) and 2(d)], we only see a decrease of both conver-
sion efficiencies by increasing the chemical potential. The
power flow distributions at u. =0 and 0.5 eV are shown
in Figs. 6(c) and 6(d), respectively. We note that they
exhibit the same feature, i.e., the power flow ends up in
waveguide-1 as a result of the trajectories on the Riemann
sheets [see the yellow and white lines in Fig. 2(d)].

From now on, we only consider x polarized modes.
The switching functionality is achieved by operating the
device to work in two conditions, i.e., ;. = 0 (condition I)
and 0.5 eV (condition II), with the power finally flowing
to waveguide-1 and waveguide-2, respectively. These two
values of chemical potential are often used for terahertz
device design [49] and can be achieved experimentally
[50]. We investigate the dependence of the device per-
formance on the system parameters. We first calculate
the conversion efficiencies as a function of the system
length with other system parameters the same as those
in Fig. 4. The results for conditions I and II are plot-
ted in Figs. 7(a) and 7(b), respectively, where the dashed

go-ﬁ r(a) ; X polarization 21.0 - (b) y polarization
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FIG. 5. Calculated conversion efficiencies n; =P/Py and

Ny = P,/Py of the terahertz switch for (a) x polarized modes
and (b) y polarized modes as a function of the chemical poten-
tial. The dashed line in (a) marks the position of the EP with
e EP = 0.143 eV.

lines mark the device with L =60 mm. The energy sur-
faces remain the same when varying the system length, but
the length of the device affects the adiabaticity of the sys-
tem. This is especially important for condition I where the
state needs to get onto the higher-loss sheet [see Fig. 7(a)].
When the system is too short (e.g., L = 10 mm), the wave
does not have enough time to leave waveguide-2 so that
n, still dominates the output. A system that is too long
(e.g., L=380 mm) is also not good since 7n; starts to drop
because of the loss in graphene. On the other hand, the
system length only affects 1, for condition II since the
state evolves only on the lower-loss sheet [see Fig. 7(b)].
Considering all these effects, the system length is chosen
to be 60 mm in order to optimize performances for both
conditions I and II.

Another key parameter is the width of the graphene
stripe, which can manipulate the energy surfaces of the
system. A wider graphene stripe induces higher loss. We
show the calculated conversion efficiencies as a function
of the graphene stripe width for conditions I and II in
Figs. 7(c) and 7(d), respectively, where the dashed lines
mark the device with w=0.1 mm. We find the graphene
width is important for condition II. A decrease in the width
can push the EP to a larger u.pp, since the amount of
loss contrast has to balance the coupling between the two
waveguides in order to reach the EP. The switch does not
work if the graphene stripe is too narrow [see Fig. 7(d)].
In contrast, the switch always works in condition 1. A
narrower graphene stripe can even lead to a higher con-
version efficiency because of the lower loss introduced [see
Fig. 7(c)]. Considering the performance in both conditions,
we choose w=0.1 mm.

Figures 7(e) and 7(f) show the conversion efficiency
as a function of the detuning parameter AW with pu.=0
and 0.5 eV, respectively. We find that a small variation in
AW only slightly affects the performance in condition .
Specifically, the detuning AW needs to be large enough
to ensure that the eigenmodes at the starting/end points
are symmetry-broken modes. The choice AW =0.1 mm
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can meet this requirement. On the other hand, a large AW
would require the system to be long enough for the sake
of adiabaticity. As a result, the performance gets worse
upon further increasing AW with a fixed system length
of 60 mm. For condition II, the performance is almost
insensitive to AW, since the eigenmodes are naturally
symmetry-broken modes in the PT-broken phase region.
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FIG. 7. Calculated conversion efficiencies of the terahertz

switch for x polarized modes as a function of the device length
with (a) u. =0 and (b) u.=0.5 eV. Items shown in (c) and (d)
are the same as (a) and (b) except plotted as a function of the
graphene width. Items shown in (e) and (f) are also the same
except plotted as a function of the detuning. Other structural
parameters are the same as those in Fig. 4. The dashed lines mark
the optimized parameters which are also the choice in Fig. 4.

FIG. 6. Simulated z component
power flow distributions in region
IT for x polarized modes with (a)
=0 and (b) u.=0.5 eV. Items
shown in (c) and (d) are the same as
(a) and (b) except for the y polarized
modes.

Other structural parameters such as the width/height of the
waveguide are related to the working frequency. One can
increase/decrease the waveguide size to make the system
work at a lower/higher frequency.

We show how to obtain the optimized system param-
eters. In fact, the conversion efficiencies are 1, =0.54
and 1, =0.05 in condition I while they are n; =0.01 and
12 = 0.49 in condition II [see Fig. 5(a)]. This means in each
working condition, nearly 50% of the injected power can
reach the targeted waveguide in region III. Meanwhile, the
power into the undesired waveguide is considerably lower
than that injected into the targeted one. Since the working
principle of the switch is based on loss-induced non-
Hermiticity, power dissipations are inevitable, but there
are ways to further improve the device performance. For
condition I, one needs to minimize the loss of graphene
at some chemical potential which can then help enhance
the desired n;. For condition II, one can choose a chem-
ical potential as large as possible to make the system
work in the deeper broken phase where the two eigen-
modes are more localized. As a result, the desired 1,
would be enhanced since the wave experiences less dissi-
pations when propagating in waveguide-2 [see Fig. 5(a)].
In experimental implementation, the switching speed will
be limited by the response time of graphene, which is
determined by the tuning schemes as well as the detailed
structures [44]. A possible scheme is to use electrical gat-
ing to tune the proposed switch. The resistive-capacitive
time constant can be expected to be on the order of ms
considering the size of the waveguide system [39].

IV. CONCLUSION

In summary, we propose a design of a terahertz switch
by employing the topological structure of the energy sur-
faces near an EP. The physics behind the design is that the
transmission through the device is equivalent to the evolu-
tion of states along a trajectory on the Riemann sheets. By
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tuning the chemical potential of graphene, we can manip-
ulate the trajectory and therefore determine through which
waveguide the power exits the system. We perform numer-
ical simulations to optimize the device performance. Ways
to further improve the efficiency are discussed. Previous
1 x 2 terahertz switches were typically achieved usinga Y
branch configuration [34,36,40] in which both branches are
required to be tunable. In our design utilizing the physics
of EPs, only one branch (i.e., waveguide-1) is attached to
the tunable graphene which may help reduce power con-
sumption due to the simplified device design. Although
the switch is proposed at terahertz frequencies, the idea
can, in principle, be applied to design devices working at
other frequency ranges (e.g., optical communication fre-
quency). Manipulating the trajectory on Riemann sheets of
non-Hermitian systems can serve as a useful paradigm to
design different types of devices.
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