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In this paper, we demonstrate the existence of multiple photonic Fermi arcs with the same transmission
direction at the interface between two different topological Weyl media. The surface waves are not affected
by the type and number of defects and can bypass defects for robust one-way transportation, which confirms
the disorder-immune property of Fermi arcs. The reconfigurable routing of Fermi arc surface waves can be
well realized by changing the gyromagnetic and chiral parameters of Weyl metamaterials in H-shaped channels.
Moreover, the unidirectional excitation and controllable transmission of Fermi arcs can be realized by adopting
the different signs of the propagation constant and different interface configurations in T-shaped channels. Our
paper provides an insight into the topological properties of Fermi arcs between two topological Weyl systems.

DOLI: 10.1103/PhysRevB.106.075301

I. INTRODUCTION

Weyl semimetal is a new topological state of matter
supporting emergent topologically protected nontrivial band-
crossing points, which are known as Weyl points [1-3]. In
the last few years, topological materials hosting Weyl points
have become a research hotspot in the field of electron-related
systems [4—6], electromagnetic systems [7-9], and acoustic
systems [10-12]. Weyl points can be viewed as the magnetic
monopole in momentum space and act as the sources and
sinks of the Berry curvatures [13,14]. Generally, the Hamil-
tonian of a Weyl point possesses the form H = v,k.o, +
vykyoy + vk.0, [15-17], where v;, 0;, and k; (i = x,y, z) are
the Fermi velocity, the Pauli matrices, and the wave vectors
along the x, y, and z axes, respectively. Note that the Weyl
Hamiltonian contains all three Pauli matrices and exhausts
all the allowable degrees of freedom. Therefore, Weyl points
are almost indestructible, unless a pair of Weyl points with
opposite topological charges annihilate each other [18,19].

In fact, the generation of Weyl points requires breaking the
time-reversal or spatial inversion symmetry, or both [20,21].
Particularly, Wang et al. report the experimental observation
of photonic Weyl degeneracies (terahertz) in a magnetized
semiconductor InSb [22]. The Nielsen-Ninomiya no-go the-
orem [23] ensures that Weyl points appear in pairs with
opposite charges. For instance, in a system that maintains spa-
tial inversion symmetry, the Berry curvatures satisfy (k) =
Q(—Kk) [24]. Tt dictates a Weyl point located at k to have the
opposite topological charge as its partner point at —k [25].
Thus, the minimum number of Weyl points in this case is 2,
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including a positive and a negative charge. In contrast, under a
time-reversal symmetry invariant system, the Berry curvatures
meet the relation (k) = —(—Kk) [26]. In other words, a
Weyl point at k has the same topological charge as its com-
panion point at —k [27]. Because the total net charge of the
system must be zero, another pair of Weyl points with oppo-
site charges is required to be present. Therefore, the minimum
number of Weyl points is 4 for this system [28]. Additionally,
according to whether the conelike band structure at the Weyl
points is tilted or not [29,30], Weyl semimetals can be divided
into three types. A standard (type-I) Weyl point possesses a
pointlike Fermi surface [31]. On the other hand, the uncon-
ventional type-II Weyl point appears as a strongly tilted cone
dispersion [32,33]. In particular, the critical-type Weyl point
is present exactly at the critical transition between the type-I
and type-II Weyl point [22,34]. All types of Weyl points are
topologically nontrivial. In addition, Weyl semimetals exhibit
extraordinary transport properties. Consequently, they have
caught growing attention and have been widely studied in
condensed matter, photonic, and phononic systems [35-38].
In Weyl semimetals, bulk-surface correspondence guaran-
tees the existence of Fermi arc surface states at the interfaces
between two topologically different materials [39-41]. A
nontrivial Fermi arc is the salient signature of topological
property in Weyl semimetals, which connects the projection
of Weyl points of opposite chirality [41]. The topological
strength can be measured by the length of the Fermi arc [42].
Investigation on Fermi arcs lays a foundation for understand-
ing the new physics of nontrivial topological semimetals
and may have potential in device applications [43]. In con-
densed matter systems, the topologically protected Fermi
arcs exhibit unconventional quantum oscillations, magnetore-
sistance, anomalous quantum interference effects, magnetic
transport, and chiral magnetic effects [44—46]. On the other
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hand, in classical wave systems, researchers have stud-
ied the transmission characteristics of Fermi arc surface
states in Weyl semimetals, including topological negative re-
fraction [47], vortical reflection [48], topological one-way
fibers [49], and optical pulling [50].

It is well known that symmetry plays an important role
in the physics of topological materials. Symmetry-based in-
dicators have proved to be a powerful theoretical tool for
diagnosing and predicting topological semimetals [51-53].
Recently, three-dimensional photonic topological Weyl de-
generacies have been studied in both the gyromagnetic
metamaterials [21] and chiral metamaterials [34]. Their topo-
logical natures are significantly different. The time-reversal
symmetry of the gyromagnetic metamaterial is broken due
to the gyromagnetic effect [21]. In contrast, the introduction
of the chiral effect breaks the spatial inversion symmetry of
the chiral metamaterials [34]. In particular, our two previous
works focused on the physics of Weyl points in gyromagnetic
and chiral metamaterials, demonstrating the existence of a
Fermi arc at the interface between Weyl metamaterials and
vacuum. Moreover, the chiral effects can exist in a range of
natural media [54], and the development of metamaterials al-
lows us to synthesize strong chiral materials [55]. On the other
hand, to realize the gyromagnetic effects, magnetic media are
mixed during fabrication and one commonly used medium is
yttrium-iron-garnet [56]. Now, the Fermi arc surface states
have been studied in photonic crystals [7], phononic crys-
tals [47], and photonic metamaterials [15]. However, there are
few studies on the Fermi arc surface states at the interface
between two different Weyl materials. Therefore, two ques-
tions naturally arise. Can we realize the Fermi arc surface
states in the boundary of two Weyl materials with different
symmetry-protection mechanisms in one photonic system? If
so, what interesting phenomena will this novel topological
configuration bring?

In this paper, building on our previous work [21], we
focus on the copropagating photonic Fermi arcs and their
transport properties hosted by the interface between the gyro-
magnetic and the chiral metamaterials. Both materials possess
topological protected critical-type Weyl points. Remarkably,
the whole system can support two Fermi arcs with the
same propagation direction because of bulk-surface corre-
spondence. Particularly, we demonstrate the existence of Weyl
exceptional contours in Weyl metamaterials while considering
losses and further explore and analyze the phase diagrams of
the system transitioning from the Weyl semimetal phase to
the trivial phase. Multiple copropagating surface channels can
be used for the unidirectional excitation and robust informa-
tion mixing of waves [35]. Therefore, we construct H-shaped
and T-shaped waveguide configurations by backscattering im-
mune Fermi arcs for multiplexing and controllable routing.
Our paper is helpful to clarify the related potential applica-
tions of the copropagating photonic Fermi arc surface states
in the field of photonics.

This paper is organized as follows. In Sec. II, we show
the band structures and Fermi arcs for the gyromagnetic and
chiral metamaterials. In Sec. III, we exhibit the multiplexing
of surface waves across the H-shaped channel. In Sec. IV, The
topologically protected Fermi arc surface state can propagate
nonreciprocally on the T junction. In Sec. V, we analyze the

Weyl exceptional contours and the phase diagrams in Weyl
metamaterials while considering losses. The conclusion is
given in Sec. VL.

II. BAND STRUCTURES AND FERMI ARCS FOR
GYROMAGNETIC AND CHIRAL METAMATERIALS

Topological metamaterials based on effective medium the-
ory can be regarded as homogeneous media [37]. Particularly,
the topological phases can be induced by adjusting the effec-
tive parameters of the metamaterials. The most general form
of the constitutive equation can be written as

<D> _ <60?r(r_1,2> i /€010 (r—1.2) ><E> )
B i\/ EOlbL()77r(r:l,2) MOEr(r:l,Z) H ’

where €y and po are the permittivity and permeability of
vacuum, respectively. For simplicity, we set €y = o = 1. &
and 7 are cross tensors associated with the magnetoelectric
coupling.

The topological properties of the gyromagnetic metamate-
rials can be determined by the constitutive equations, and the
constitutive matrices are given as

¢ 0 O Uy ig O
e=10 ¢ O}, m=1|—-ig w O},
0 0 e 0 0 1
0 0 O
&=[0 0o o], )
0 0 0

where €, = 1 — colz,l/a)2 is Drude’s dispersion [15]. wp; and
o are the plasma frequency and the angular frequency, re-
spectively. And we assume ¢, = i, = 1. Moreover, in the
permeability tensor ;; of Eq. (2), g represents the gyro-
magnetic parameter. It expresses the degree of time-reversal
symmetry breaking. The system obviously destroys the time-
reversal symmetry, while holding spatial inversion symmetry.

The constitutive matrices of the chiral metamaterials are
expressed as

a 0 0 1 0 0
&©=l0 « 0], m=[0 1 o0},
0 0 B 0 0 1
3 y 0 0
=10 v 0, (3)
0 0 0

— — 2 2 ’ : :
where o = 1, p = 1 — w, /w” possesses Drude’s dispersion.

wWp = \/Jm is also the plasma frequency. N, e, and
megr denote the electron concentration, elementary electron
charge, and the effective mass of the electrons, respectively.
Moreover, in the chiral tensor Ez of Eq. (3), y is the chiral
coupling parameter, which corresponds to electromagnetic
responses. It should be noted that if chiral metamaterials
have the properties of both being hyperbolic (having different
signs of the diagonal elements of €,) and chirality (diagonal
elements satisfying the relation 7 = —&) at the same time,
it supports the three-dimensional gapless phase with Weyl
points [37].
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FIG. 1. Band structures diagrams (k, = 0) and the spatial loca-
tions of Weyl points for the gyromagnetic and chiral metamaterials,
respectively. The red/blue dots indicate Weyl points with posi-
tive/negative chirality. The other electromagnetic parameters for
(@)are ¢, =1, u, =1, g=0.9, and w, = 1.09w, and for (b) are
a =1,y =04, and wy, = 1. The black curves represent equifre-
quency surfaces with frequency w = 0.95w,;.

For experimental considerations, the gyromagnetic meta-
materials in Eq. (2) can be realized by using a periodic
multilayered structure of metal layers and ferrite materials
based on the effective medium theory [57]. Moreover, by
adjusting the thickness of each layer within an appropriate
range, the required material parameters can be obtained, such
as a larger gyromagnetic effect parameter g. On the other
hand, the chiral effects generally can exist in a series of natural
materials, and one can synthesize strong chiral media with
the development of metamaterials [37]. The chiral metama-
terials described by Eq. (3) can be realized by the metallic
helical structure [9,15,37]. Particularly, the metallic helical
elements are utilized to introduce electric resonance along
the z direction, thereby realizing the electric longitudinal
mode (8 =1 — a)[z,2 Jw* = 0). Moreover, the helical elements
in the x-y plane need to possess C4 rotation symmetry to
preserve the in-plane isotropic chiral response [26].

We consider the electromagnetic waves with the time-
dependent factor e, Then, combining / xE = iwB and

V xH = —iwD, we introduce the singular antisymmetric ten-
SOr matrix:
0 —k Kk
K=\ k 0 —k . 4)
—k, ke 0

Maxwell’s equations with the constitutive relations
[Eq. (1)] can be further transformed into the following form
(only the part related to the electric field E is shown here):

[k + i)' (& — i) + €|E = 0. &)

The electric field E = (Ey, E,, E.)T can describe the wave
propagation in the medium. When the determinant of the
square matrix on the left side of Eq. (5) is zero, nontrivial
solutions of E exist, and the characteristic equation is ob-
tained. Then, it yields the band dispersion relation of the
metamaterial. In the present paper, we set w as normalized
to the effective plasma frequency wp,. Moreover, w,; and
wpy satisfy the relation w,; = 1.09w,,. All the wave vectors
k = [k,, k;, k;] are normalized to wave number k,, (k, = w/c).

Figure 1(a) shows the band structures (k, = 0) for the
gyromagnetic metamaterial with ¢, = 1, u, =1, g = 0.9, and

wp1 = 1.09w,. There are four Weyl points with a single topo-
logical charge, which are located symmetrically on the k, axis
in the gyromagnetic system, as indicated by red/blue dots in
Fig. 1(a). The locations of the two pairs of Weyl points are
(ky, ky, k;) = (0,0,£0.34) and (0, 0, £1.5) with v = w,| =
1.09w, respectively. The red and blue dots represent the pos-
itive chirality (C=+ 1) and the negative chirality (C= — 1)
Weyl points, respectively. In particular, the Weyl point here
is produced by the linear crossing of one transverse mode
and one longitudinal plasmon mode. The dispersion rela-
tions of the transverse modes [21] can be expressed as k;; =
Tw/€(g+ us) and k;; = £w+/€,(—g + ;). The dispersion
of the longitudinal electric mode is determined by €, = 1 —
a)i1 Jw?* = 0. Notably, since the nonlocal effect of the gyro-
magnetic metamaterial is not considered, the dispersion of
the longitudinal mode is flat, as shown in Fig. 1(a). Hence,
the Weyl points of the metamaterial are exactly at the critical
transition between the type-I and type-II Weyl points.

As mentioned above, we propose a nonmagnetic (jt, = I)
anisotropic homogeneous chiral material. In order to display
equifrequency surfaces similar to that of gyromagnetic meta-
materials near the Weyl point in chiral systems, we set the
electromagnetic parameters of chiral metamaterials as o = 1,
y = 0.4, and w,» = 1. As shown in Fig. 1(b), the chiral sys-
tem supports a total of two pairs of Weyl points. All of them
carry single monopole charges located symmetrically on the
k. axis. At the Weyl degeneracy frequency w = w,», there
exists one pair of Weyl points in momentum space located
at (0, 0, £1.4). They carry positive topological charges, high-
lighted by the red dots in Fig. 1(b). Another pair of Weyl
points close to the origin of the momentum space is located
at (0,0, £0.6), as indicated by the blue dots. Note here that
the two Weyl points can be regarded as merged into a double
Weyl point with a total topological charge of C = —2. In
addition, similar to the case of gyromagnetic metamaterials,
the Weyl degeneracy points in the chiral system are also
critical-type Weyl points. The expression of one of the two
bands forming the Weyl point is 8 = 1 — @, /w* = 0. Hence,
the longitudinal plasmon mode has a flat dispersion relation.
From the eigenfield [Eq. (5)] of the chiral metamaterials, we
obtain the dispersion relations of the transverse modes as
ks =to(y + V), ka = To(—y + Jo).

In the following analysis, we focus on frequency
w = 0.95w, for the equifrequency surfaces of the gyromag-
netic (GM, g > 0) and chiral (CM, y > 0) metamaterials. In
this situation, the bulk states of two Weyl materials have sim-
ilar equifrequency contours, which are shown as black curves
in Figs. 1(a) and 1(b).

Figure 2(a) illustrates the equifrequency surfaces for the
gyromagnetic metamaterials (the cyan curves) and vacuum
(the gray dotted line). They possess rotational symmetry about
the k axis and reflection symmetry about the k,-k, plane [57].
The equifrequency surfaces are composed of an ellipti-
cal surface and two hyperboloids extending toward infinity.
Notably, one pair of Weyl points symmetrically distributed
near the origin of momentum space carries the opposite chiral-
ity topological charges. Therefore, the total topological charge
in the middle closed contour is zero. There will be one Fermi
arc on the surface of the Weyl semimetal owing to the bulk-
edge correspondence [40,58]. It connects two projections of
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FIG. 2. Equifrequency surfaces of the gyromagnetic and chiral
metamaterials. (a), (b) Bulk states and nontrivial Fermi arc surface
states (the black curves) between the gyromagnetic (the cyan curves)
or chiral (the orange curves) metamaterials (x < 0) and vacuum state
(x > 0) (the gray dotted line), respectively. (c) The three-dimensional
equifrequency surfaces (k, < O half space) of the gyromagnetic
(cyan) and chiral (orange) metamaterials. (d) Bulk states and Fermi
arc surface states between the gyromagnetic (x > 0) and chiral
(x < 0) metamaterials.

equifrequency surfaces with different topological charges.
The black curve represents the Fermi arc bridging the Weyl
points in Fig. 2(a). Due to the presence of spatial inversion
symmetry, the Fermi arcs located at k, > 0 and k, < O regions
are symmetrically distributed.

As exhibited in Fig. 2(b), the equifrequency surface of
the chiral metamaterials has a similar equifrequency con-
tour shape to those in the gyromagnetic metamaterials. The
orange curves represent the bulk states of the chiral meta-
material. There exist two gaps between a central elliptical
and a two sheeted hyperboloid-type surface. Since the Chern
number difference between each gap is one, only one Fermi
arc (the black curve) will be generated. However, the con-
figurations of the Fermi arcs of the gyromagnetic and chiral
metamaterials are extremely different owing to the distinct
symmetry-protection mechanisms. As shown in Fig. 2(b), the
existence of the time-reversal symmetry of the system ensures
that the Fermi arc is symmetrically distributed with regard to
the origin of the coordinate.

What novel phenomena will be brought about by con-
sidering the interface composed of the above two photonic
Weyl metamaterials? We guess that the configurations of
Fermi arc surface states on the interface between the gy-
romagnetic metamaterials and the chiral metamaterials are
quite different from Figs. 2(a) and 2(b). To better verify this

conjecture and understand the reason for the difference, we
exhibit the equifrequency surfaces and Fermi arcs between
different media and conduct a comparative analysis. The
three-dimensional bulk states and the nontrivial gap where
the topological surface states reside are shown in Fig. 2(c).
The cyan and orange surfaces represent the equifrequency
surface of the gyromagnetic (x > 0) and chiral metamaterials
(x < 0), respectively. Nontrivial Fermi arc surface states (the
black curves) are given in Fig. 2(d). They serve as a signature
of the topological nature of the system [59]. Interestingly,
there is no Fermi arc surface state passing through the gap
in the +k, region. It means that the +k, region prohibits any
surface modes. In contrast, two Fermi arc surface states exist
across the gap in the —k, part. The reason for this singular
behavior is that this system contains two Weyl metamaterials,
which requires consideration of the difference in the Chern
numbers of the two media on both sides of the boundary
[Fig. 2(d)]. As identified in Figs. 2(a) and 2(b), the two hy-
perbolic parts located in the +k, space have the same Chern
number of C = +1. The Chern number difference between
the two Weyl media is AC = Cgy — Cey = 0, as illustrated
in Fig. 2(d). Therefore, no Fermi arc is allowed in the +k,
gap. Nevertheless, the two hyperbolic branches in the —k,
space possess unequal Chern numbers; their difference is
AC = Cgy — Cey = —2. According to the bulk-edge corre-
spondence, there are two Fermi arcs in the —k, gap, and the
Fermi arc surface states will be tangent to the corresponding
bulk states.

III. DISORDER-IMMUNE FERMI ARC
AND MULTIPLEXING PHOTONIC ROUTING

As mentioned before, for the system involving two pho-
tonic Weyl semimetals, two exotic nonclosed Fermi arcs are
allowed to exist [Fig. 2(d)]. These Fermi arcs are protected
by the topological charge associated with the Weyl points.
This reveals the characteristic features of topological Weyl
semimetals [44,60]. To demonstrate the topological nontriv-
iality of the Fermi arcs, COMSOL MULTIPHYSICS is used to
study the excitation and propagation of surface waves. As
shown in Fig. 3(a), we set the x direction as the normal of
the interface between the gyromagnetic (x > 0) and chiral
metamaterials (x < 0). The angular frequency w is a constant
(w is normalized to w,,) because we study Fermi arcs on the
equal frequency surfaces. In this case, the material system
contains only the variables k, and k; in the wave vector space.
Then, the two-dimensional frequency-domain simulations are
performed in the x-y plane for Fermi arcs with different prop-
agation constants k, in the gap [Fig. 2(d)]. We set scattering
boundary conditions in the x and y directions. Moreover, the
electromagnetic waves (k, = —1.1) can be excited by the elec-
tric dipole sources located at the boundary of gyromagnetic
and chiral metamaterials, which are marked by the black stars,
as depicted in Fig. 3. Since both Fermi arcs have the group
velocities of +y components, the corresponding surface waves
can propagate in the +y direction. This means that the two
Fermi arc surface states have the same propagation directions.

The disorder-immune transmission characteristics of the
Fermi arc surface states are demonstrated by different shapes
and different numbers of defects on the interface. As exhibited
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FIG. 3. The disorder-immune wave propagations on the in-
terfaces between the gyromagnetic (x > 0) and chiral (x < 0)
metamaterials. Simulated wave propagations along the different
types and numbers of defects for k, = —1.1 in Fig. 2(d): (a) the
straight case, (b) the M-shaped channel, (c) the ©2-shaped channel,
and (d) the double Q2-shaped channel. The black stars are marked for
the position of the electric dipole sources to excite electromagnetic
waves. The H, field distributions are obtained by COMSOL numerical
simulation and share the same color map. The energy flows of surface
waves before and after passing through the defects are indicated by
S.(S.) and S,(S,), respectively.

in Figs. 3(b) and 3(c), whether they encounter one M-shaped
defect or one 2-shaped defect, the surface waves can achieve
unidirectional transmission without reflection. Then, we also
consider the impact of the number of defects. As shown in
Fig. 3(d), two Q-shaped defects are introduced at the in-
terface, and surface waves can still bypass them for robust
transmission. The energy flows of surface waves before and
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after passing through the defects are indicated by S,(S.) and
Sp(S4), respectively, as shown in Figs. 3(b) and 3(d). Nu-
merical calculations show that the energy of surface waves
is conserved after experiencing different shapes and numbers
of defects (Sp/Sq = Sa/S. = 1). Thus, it is demonstrated that
the Fermi arc surface states are immune to defects. This
unique disorder-immune transmission feature can give birth
to enormous potential applications, especially in multichannel
information unidirectional transportation.

The existence of multiple copropagating topological chan-
nels may bring many fascinating possible future applications.
Here, based on the demonstrated propagation of the multiple
numbers of surface states, we will show how the one-way
surface states signals can be combined or split at the H
junction. As plotted in Fig. 4(a), the H-shaped interface we
designed consists of the gyromagnetic and chiral metamateri-
als and the vacuum. Two electric dipole sources (S; and S5)
excite electromagnetic waves, indicated by the black stars at
two different locations on the right-hand side, as shown in
Fig. 4(b). At the interface between the gyromagnetic/chiral
metamaterials and vacuum, it is noted that only one Fermi
arc surface state is allowed in both +k, and —k, regions in
Figs. 2(a) and 2(b). Nevertheless, at the interface between the
gyromagnetic and chiral metamaterials, only the —k, space
is allowed to have two copropagating photonic Fermi arcs
[Fig. 2(d)]. Consequently, we choose the negative propagation
constant to analyze surface waves, i.e., k, = —1.1. As illus-
trated in Fig. 4(b), two surface waves are emitted from the
top and bottom ports on the right-hand side, and are merged
into a common channel at the interface of the middle part.
Then, they are divided into two opposite propagating paths on

y=0.71

* Si

© ¥=0.65

* St

FIG. 4. Fermi arc surface states combiner and splitter. (a) Three-dimensional schematics of surface waves across the H junction.
(b) Copropagating channels for surface waves multiplexing and division. The black stars on the right-hand side represent two excitation
sources (S; and S,) at two different locations, which excite electromagnetic waves with k, = —1.1. (c)—(e) The wave transportation under
different gyromagnetic parameters when chiral parameter y = 0.4. (f)-(h) The chiral parameter y varies, but the gyromagnetic parameter

g = 0.9 remains unchanged.
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FIG. 5. Bulk states, Fermi arcs, and nonreciprocal propagation
of the surface waves. (a), (d) Three-dimensional schematics of two
topological Weyl metamaterials. (b), (e) Bulk states (the cyan and
orange parts, respectively) and Fermi arc surface states (the black
curves) between the gyromagnetic (g <0 and g > 0) and chiral
metamaterials (y < 0 and y > 0)]. (c), (f) Simulated surface waves
transportation under the x-y view of (a) and (d), respectively. The
signs of propagation constant k, are given in the diagram.

the left-hand side and output by two output ports respectively
(P; and P»).

Next, we only excite the surface wave at one input port
(S is retained). As shown by Figs. 4(c)—4(e), when the chiral
parameter y is fixed (y = 0.4), the wave transport is studied
under different gyromagnetic parameters g. From the numeri-
cal simulation results, it can be clearly seen that at the output
ports, the wave can only flow to the P; port in Fig. 4(c), or
there is energy outflow at P, and P, [Fig. 4(d)], or nearly all
flow to the P, port [shown as Fig. 4(e)]. A similar phenomenon
also occurs in Figs. 4(f)—4(h) where g is fixed (g = 0.9) but y
varies. This unique property may find applications in signal
combiner and splitter, controllable routing, optical switches,
optical isolation devices, and so on.

IV. MULTICHANNEL FERMI ARC
AND NONRECIPROCAL PROPAGATION
OF SURFACE WAVES

Here, we study the presence of two exotic Fermi arcs in
the nontrivial common gap between two topological Weyl
metamaterials. As illustrated in Figs. 5(a) and 5(d), three-
dimensional schematics of the gyromagnetic (g < 0 and g >
0) and chiral metamaterials are given (y <0 and y > 0),
respectively. The two systems achieve a higher gap Chern
number. As shown in Figs. 5(b) and 5(e), there are two
Fermi arcs across in the 4k, gap and —k; gap, which

satisfies the bulk-edge correspondence. In particular, because
the two Weyl systems have spatial inversion and time-reversal
symmetry invariant, respectively, the configurations of the
corresponding Fermi arcs are quite different. In order to ver-
ify that the surface modes are allowed to exist in both +k,
space and —k, space, we separately excite surface waves with
propagation constants of opposite signs. Numerical simula-
tions show that these surface waves propagate robustly in one
direction, without scattering or reflection at the corners, as
shown in Figs. 5(c) and 5(f).

The Fermi arc surface states have interesting applications,
especially in unidirectional waveguides and nonreciprocal
transmission functional devices. It is possible to construct a
T-shaped interface configuration by reasonably arranging the
gyromagnetic, the chiral, and the reversed chiral metamate-
rials (r — CM, meaning that the sign of y is reversed, i.e.,
y < 0). As illustrated by Figs. 6(a) and 6(d), we show the
three-dimensional schematic diagrams of a T-shaped inter-
face composed of three topological Weyl media. The colored
arrows indicate the direction of propagation of the surface
waves. The metamaterial types are labeled by the colored
squares at the bottom.

As shown in Figs. 6(b) and 6(c), in order to verify the non-
reciprocity properties of surface waves. the excitation sources
are placed at different positions for simulation. We adopt the
propagation constant k, of different signs. Note that points
A, B, and C are the excitation sources located at a certain
position on the interface of different materials. As exhibited
in Fig. 6(b), when the source is placed at point B and the sur-
face waves with —k, are excited, the surface waves propagate
upward and then turn left to output. Notably, when the source
is placed at point A and excites the surface waves with +k,,
the waves cannot propagate relatively along the original path
to B, but go straight to the right and flow out from point C,
as shown in Fig. 6(c). To further illustrate the multichannel
configuration between the three topological Weyl semimetals,
we change the positions of the gyromagnetic and the chiral
metamaterials, as indicated in Figs. 6(e) and 6(f). This nonre-
ciprocal propagation characteristic has been well verified and
may be used as controllable robust information transportation
in the future.

V. EXISTENCE OF WEYL EXCEPTIONAL CONTOURS
AND PHASE DIAGRAMS IN WEYL METAMATERIALS
WHILE CONSIDERING LOSSES

As with most previous studies of Weyl materials in pho-
tonic and acoustic systems [15,24], we ignored losses in the
preceding discussion. However, the nature of these classical
wave systems is dissipative losses. Generally, in the presence
of non-Hermitian perturbations (losses), a conventional Weyl
point will transform into a closed contour of an exceptional
point with the same topological charge, which is called the
Weyl exceptional contour [16,61-64]. In addition, the size of
the formed Weyl exceptional contours depends on the magni-
tude of the non-Hermitian perturbation, and the size of Weyl
exceptional contours is monotonically related to the losses in
the system [16].

In order to quantitatively analyze the effect of losses on
the topological properties of Weyl materials, we consider
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FIG. 6. Nonreciprocal topological Fermi arc surface states on the T-junction waveguide. (a), (d) Three-dimensional schematic diagrams
of the T-shaped interface configuration composed of three topological Weyl media. The metamaterial types are marked with colored squares
at the bottom. (b), (c) Simulated surface waves transportation on the x-y plane of (a). (e), (f) Similar results to (b) and (c), but corresponding
to the T-junction structure of (d). The panels show the signs of the propagation constant k,. The colored arrows represent the surface waves
propagating directions.

without losses

N

FIG. 7. (a), (c) Band structures (k, = 0) for the gyromagnetic and chiral metamaterials without considering losses, respectively. The
electromagnetic parameters for (a) are ¢, =1, u, =1, g=0.9, and w,; = 1.090,, and for (c) are « =1, y = 0.4, and w,, = 1. (b), (d)
Band structures (k, = 0) for the gyromagnetic and chiral metamaterials with considering losses, respectively. The parameters in (b) and (d) are
the same as those in (a) and (c), respectively, but the losses terms are added, i.e., (b) 7 = 0.3 and (d) n = 0.3. (e), (f) Fermi arc surface states
(the black and purple solid lines) on the interface between the gyromagnetic (x > 0) and chiral (x < 0) metamaterials without and with losses
scenarios, respectively.
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the Drude models with losses: €, = 1 — a)lz,l/[w(w +it)] and
B=1-— a)lz72 /lo(w + in)] in gyromagnetic and chiral meta-
materials, respectively [65]. Here, T and 1 are damping terms
representing losses. Moreover, T and n are normalized to
wp. Without losing generality, we set T = 0.3 and n = 0.3
[62,66].

As illustrated in Figs. 7(a)-7(d), we give the bulk structures
(k, = 0) without and with losses in the half space k, < 0,
respectively. Specifically, Figs. 7(a) and 7(c) are the cases
without considering the losses, and the electromagnetic pa-
rameters used are the same as those in Figs. 2(a) and 2(b),
respectively. There are four Weyl points symmetrically lo-
cated on the k, axis in gyromagnetic and chiral metamaterials.
The red and blue dots indicate the positive and negative chi-
rality Weyl points, respectively.

On the other hand, while taking the losses into ac-
count (t = 0.3 and n = 0.3), the Weyl point transforms into
the Weyl exceptional contour carrying the same topological
charge in gyromagnetic and chiral metamaterials, respec-
tively, as shown in Figs. 7(b) and 7(d). These Weyl exceptional
contours are also symmetrically distributed along the &, axis.
The red/blue curves represent the Weyl exceptional contours
with the positive/negative chirality.

Moreover, it should be noted that both Weyl points and
Weyl exceptional contours result from the band degeneracy in
three-dimensional space. Similar to the case of Weyl points,
Weyl exceptional contours not only have topological charges
but also preserve Fermi arc surface states. As indicated in
Figs. 7(e) and 7(f), we give the Fermi arc surface states
(the black and purple solid lines) between the gyromagnetic
(x > 0) and chiral (x < 0) metamaterials without and with
losses scenarios, respectively. Notably, under the non-
Hermitian perturbation in the gyromagnetic and chiral meta-
materials, there are still two copropagating Fermi arc surface
states in the system [Fig. 7(f)]. Although considering the
losses in Weyl metamaterials will change the band structure,
we clarify that the copropagating Fermi arc surface state still
exists in Fig. 7.

Generally, in the presence of non-Hermitian perturbation,
the losses will affect the size and spatial position of the Weyl
exceptional contour. Particularly, with increasing the losses of
the system, if any point on one Weyl exceptional contour is in
contact with a point on another Weyl exceptional contour with
opposite topological charge, the two Weyl exceptional con-
tours will dissipate their charge and the system will undergo
a topological transition to a trivial phase [64]. Therefore, to
quantitatively study the robustness of the Weyl semimetal
phase to the effect of losses, we further explore and discuss the
phase diagram in the gyromagnetic and chiral metamaterials
while considering the losses, as shown in Fig. 8.

The cyan/orange and gray shaded areas indicate the
presence and absence of Weyl exceptional contours of the
gyromagnetic/chiral metamaterials with losses respectively, as
illustrated in Figs. 8(a) and 8(c). The Weyl semimetal phase
possesses the Weyl exceptional contours and the Fermi arc
surface states. In contrast, the trivial phase does not have
these exotic states and has zero total topological charges. The
black lines represent the critical values at which two Weyl
exceptional contours with opposite topological charges in-

(@) 10 (b)
WSP 15 -
0910
2=09,7=03 _—
g o8l k: 0.0
0.7} TP
-15 —_—
0.6 & ]
0.0 1.0 2.0 3.0 -0.4 0.0 04
T ky
©) o5¢ (d)
0.4 0,\
y=04,7=03
Y 03} k- 0.0
0.2
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-1.5
0.1 3
0.0 1.0 2.0 3.0 04 0.0 0.4
n ky

FIG. 8. (a), (c) Phase diagrams for the gyromagnetic and chiral
metamaterials with considering losses. The Weyl semimetal phase
and trivial phase are represented by WSP and TP, respectively. (b),
(d) Weyl exceptional contours of gyromagnetic (g = 0.9, T = 0.3)
and chiral metamaterials (y = 0.4, n = 0.3) in the k,-k, plane, re-
spectively. The red and blue curves indicate the Weyl exceptional
contours carrying positive and negative chirality, respectively.

tersect for annihilation. As shown in Figs. 8(b) and 8(d),
we give the Weyl exceptional contours of the gyromagnetic
metamaterial (g = 0.9, T = 0.3) and the chiral metamaterial
(¥ =0.4, n=0.3) in the k,-k, plane, respectively. The four
Weyl exceptional contours caused by losses are symmetrically
distributed on the k, axis. The red and blue curves indicate
the Weyl exceptional contours with positive and negative
chirality, respectively. Moreover, for the gyromagnetic and
chiral metamaterials, the topology of the system is changed
(the Weyl semimetal phase transitions to the trivial phase)
when losses are the same order of magnitude as the plasma
frequency wp,, as shown by the black lines in Figs. 8(a)
and 8(c). However, such a level of losses is unrealistic for
the Drude medium models [16]. Thus, when analyzing the
copropagating Fermi arc surface states, the influence of losses
in the gyromagnetic/chiral metamaterials can be ignored
[Egs. (2) and (3)].

VI. CONCLUSIONS

In conclusion, we demonstrated that the photonic system
containing two Weyl metamaterials with different symmetry-
protection mechanisms can support the copropagating Fermi
arc surface states. The dispersion relations of the two bands
forming the photonic Weyl degeneracies are presented. For
the system possessing multiple surface states, it is necessary to
select the gyromagnetic and chiral metamaterials with similar
equifrequency surfaces. According to the bulk-edge corre-
spondence, two nontrivial Fermi arc surface states holding
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identical propagation directions can surprisingly occur at the
interface between two different photonic Weyl metamaterials.
However, due to the distinct symmetry-protection mechanism,
the configurations of the Fermi arcs of the gyromagnetic and
chiral metamaterials are extremely different. In addition, we
proved theoretically that the Fermi arcs are protected by the
underlying topology. The surface waves are not affected by
the number and shape of defects and can be one-way robustly
transmitted. By using different interfaces, we realized the
control of the nonreciprocal transmission of surface waves
and the controllable routing of energy flow. In particular,
the splitting and merging phenomena of the surface states in
the H-junction cross waveguides are realized. Multichannel
topological transport of the disorder-immune Fermi arcs is
demonstrated and verified by simulations in a T-junction

interface configuration. Interestingly, we show the existence
of Weyl exceptional contours in gyromagnetic and chiral
metamaterials with losses and analyze the phase diagrams for
the system transition from a Weyl semimetal phase to a trivial
phase. Our paper is helpful to clarify the copropagating
photonic Fermi arc surface states and their transport
properties at the interface between two different Weyl
materials.
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