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Fermi Arc Reconstruction in Synthetic Photonic Lattice
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The chiral surface states of Weyl semimetals have an open Fermi surface called a Fermi arc. At the
interface between two Weyl semimetals, these Fermi arcs are predicted to hybridize and alter their
connectivity. In this Letter, we numerically study a one-dimensional (1D) dielectric trilayer grating where
the relative displacements between adjacent layers play the role of two synthetic momenta. The lattice
emulates 3D crystals without time-reversal symmetry, including Weyl semimetal, nodal line semimetal, and
Chern insulator. Besides showing the phase transition between Weyl semimetal and Chern insulator at
telecom wavelength, this system allows us to observe the Fermi arc reconstruction between two Weyl

semimetals, confirming the theoretical predictions.

DOI: 10.1103/PhysRevLett.131.053602

Introduction.—Weyl semimetals (WSMs) [1-3] have
been at the center of intense investigation since their
theoretical predictions in 2011 [4]. They are realized not
only in condensed matters but also in photonic [5-15] and
phononic [16-23] systems with potential applications, such
as generation of optical vortex beams [13] and robust
transport in the bulk medium [20]. One of the well-known
signatures of WSM is the appearance of the Fermi arc (FA)
surface states [4,24,25], which are chiral modes propagat-
ing unidirectionally on WSM surfaces and have an arclike
Fermi surface. Topologically protected against disorder and
defects [26], these FAs give rise to intriguing phenomena
such as Weyl orbits [27] and magnetic domain walls with
electric charge [28].

Recently, some theoretical works [29-36] predicted that
at the interface between two WSMs, the surface FAs would
couple to each other and be reconstructed into new interface
states with different spectral shapes and bulk connections.
The problem is rich since these works consider distinct
junctions of WSMs. For instance, while Dwivedi et al. [29]
examine two WSMs with the same Weyl point position and
chirality, but different FA connectivity, Refs. [31,33,34]
study two identical WSMs rotated from each other in their
interface plane. The reconstructed FAs are expected to
exhibit observable transport signatures, such as unique
quantum oscillations [35] and 3D “snake states” [34].
Efforts have been made recently to fabricate a high quality
interface between two chiral WSMs [37]. However, for
interface states between two 3D crystals, it is challenging to
directly observe their spectra using angle-resolved photo-
emission spectroscopy or scanning tunneling microscopy.
On the other hand, the crystal surfaces are usually rough
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due to defects and disorders, making it difficult to fabricate
a clean heterostructure, especially for the interface between
rotated WSMs.

In this Letter, we propose a simple and versatile photonic
lattice as the first platform to directly realize the FA
reconstruction. Our system is a 1D trilayer grating where
the relative displacements between layers play the role of
synthetic momenta. This 1D system can simulate the
topological band structure of 3D crystals with broken
time-reversal (TR) symmetry, including WSM, nodal line
semimetal [38,39], and 3D Chern insulator (CI) [40,41].
With our trilayer lattice, we can obtain the phase transition
WSM CI just by varying the interlayer distances, or
construct a photonic junction to observe the interface states
between two WSMs or ClIs. We will show that the interface
FAs between two WSMs are strongly coupled and
deformed, confirming the existence of FA reconstruction.

System and effective Hamiltonian.—We consider a slab
waveguide composed of three 1D dielectric gratings that
share the same subwavelength period A (Fig. 1). Each layer
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FIG. 1. Sketch of a 1D trilayer photonic grating with period A.
The relative displacements between adjacent layers are denoted
by 6, and 6,. The optical guided modes of interest couple with
each other via intralayer diffraction and interlayer evanescent
field, described by the coupling rates U; and V;, respectively.
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is shifted with respect to its neighbor along the grating
direction by §;, with j = 1, 2. Other geometrical parameters
of the lattice, including the filling fractions, grating thick-
ness, and interlayer distances, are also of subwavelength
scale. More details on the geometrical parameters for an
experimental realization are presented in the Supplemental
Material [42].

In each grating layer, we consider two counterpropagat-
ing guided modes along the x axis, and these modes couple
to each other via the grating diffraction described by
coefficients U;, [ =1, 2, 3. Between adjacent layers,
guided modes traveling in the same direction are coupled
through the evanescent field with coupling rates V;. Thus,
our trilayer lattice has six guided modes described by the
effective Hamiltonian [51-53]

A QO
H(k.§.8)=| Q A, @ |, (1)
0 QF A;

vk U,

where A; = wqy; + ([}] —vzk) represents the guided modes

in layer [ with their intralayer coupling, and Q; =
(Vje—iné/-//\
0
v;, wo;, and k are the group velocities, frequency offsets,
and wave vector measured from the X point of the 1D BZ,
respectively. The parameters w,;, v;, and U, are determined
via the filling fraction, whereas the coupling rates V; are
retrieved from the interlayer distances of the practical
structure [42].

The 1D lattice is invariant under the translations
0; — 6; + A; thus, its physical properties vary periodically
against 6;. Consequently, we define the synthetic momenta
proportional to the interlayer displacements [53,54] as

v e,-%/.m) indicates the interlayer coupling. Here,
j

5.

q; = 27[1\_]2' (2)
Such definitions hold in the presence of any perturbations
that preserve the periodicity of our system. The
Hamiltonian is then identified in a synthetic 3D momentum
space (k,qy,q»), i.e., H(k,8,,8,) = H(k,q;,q,). The BZ
is chosen so that ¢, ¢, € [0,27/A) [Fig. 2(a)]. Hereafter,
we express the momenta in units of 2z/A, frequencies in
units of 2zc/A, and all the coupling rates in units of
U = 0.0207(2zc/A). Here, U is the intralayer coupling
rate of a single grating with filling fraction 0.8 [42]. When
all coupling rates are equal, the spectrum of this
Hamiltonian shows different topological semimetallic
phases—see Fig. 2(a) and solid lines of Fig. 2(b). First,
bands (1) and (2), as well as bands (5) and (6), cross each
other at a 3D semi-Weyl point [55-58], which disperses
linearly in a 2D plane and quadratically along the direction
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FIG. 2. (a) Nodal points and lines of the spectrum obtained
from the effective model with Uy = U, =U; =V, =V, = 1.
They are degeneracy points of energy bands shown in (b). The
violet dashed line indicates the path for plotting the band
structures in (b) and (c). The band structures obtained from
the effective model (solid line) and PWE simulation (dashed line)
are shown for (b) Uy =U,=U;=V,=V,=1 (a), and
U =U;=1,U,=12, V; =1.6, and V, = 0.6. The six
bands are labeled by numbers.

normal to this plane. Second, bands (2) and (3), as well as
bands (4) and (5), form a nodal line [38,39] with z-Berry
phase in the plane g, + g, = 1. Finally, bands (3) and
(4) touch at two semi-Weyl points aligned along the line
q; = g¢> =0 and two Weyl points [1,2] residing in the
plane k = 0. We can alter these nodal points and lines to
obtain other phases by varying the coupling rates. For
instance, the semi-Weyl points are gapped out for
U, > U, = Us, and the Weyl points of bands (3) and
(4) are annihilated for an appropriate choice of evanescent
coupling rates V; and V,, as shown by the solid-line band
structure of Fig. 2(c). More details about topological phases
and phase transitions can be found in the Supplemental
Material [42].

We validate the effective Hamiltonian by comparing its
spectrum with the exact solution of Maxwell’s equations,
which is obtained by the plane wave expansion (PWE)
method using the MIT PHOTONIC BANDS package [59]—
see Figs. 2(b) and 2(c). In both cases, the two band structures
agree well in the overall shape, the positions of nodal points
and lines, and their gap opening. The deviations between
the two approaches, which are small compared with the
bandwidths, result from the coupling mechanisms
neglected in our model for simplicity [42,51,60]. Hence,
the effective model is an efficient tool to examine the
trilayer grating.
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FIG. 3. (a) Distance Ay, between the two Weyl points at k = 0
when U; = U; = 1 and U, = 1.2. The three domains in black
are where bands (3) and (4) separate, and the lattice simulates a
3D CI. (b) and (c) show the Weyl point trajectories in the BZ
while (d) and (e) show the Chern number computed in a 2D plane
normal to g, when the interlayer coupling strengths vary along
lines 1 and 2 of (a), respectively. In (b) and (c), y is the Weyl point
chirality.

Controlling Weyl points.—The trilayer lattice hosts topo-
logical phases owing to the synthetic momenta definition
[Eq. (2)]. These momenta are proportional to the interlayer
displacements and thus are even under TR, making the

Hamiltonian transform as H(k,ql,qz)gH(—k,ql,qz).
Consequently, the 1D trilayer grating is equivalent to a
3D crystal with broken TR symmetry. This allows the WSM
phase, which requires either inversion or TR symmetry to be
broken [1]. Hereafter, we focus on the two Weyl points at
k = 0 forming between bands (3) and (4), and thus, for
simplicity, we gap out the semi-Weyl points of these bands
by keeping Uy = U5 = 1and U, = 1.2. We investigate how
the Weyl points move when tuning V; and V.

The dependence of the distance between two Weyl
points on the evanescent coupling rates is shown in
Fig. 3(a). We define Ay as the distance between the
Weyl points within the BZ shown in Fig. 2(a). Here, the
colored domain (IV) is where the WSM phase exists,
whereas the three black domains (I), (II), and (IIT) are where
our system spectrum is gapped. The transition between
WSM and insulating phases implies the annihilation of
Weyl points through merging. The abrupt change in color
between the domains indicates that the Weyl points meet at
the BZ boundaries. To illustrate how the Weyl points move
and merge, we vary the interlayer coupling rates along “line
1” and “line 2” of Fig. 3(a), and show the corresponding
trajectories in Figs. 3(b) and 3(c). Following line 1, bands
(3) and (4) are gapped in domain (I) until we enter the
WSM domain, where two Weyl points appear at the BZ
corner (0,0) and move toward each other along the diagonal

(g1 = ¢») as V; and V, increase. Regarding line 2, the two
Weyl points appear at (0.5,0) when we go from domain (II)
to (IV). They rotate about the BZ center and meet each
other at (0,0.5) when the system transitions from WSM to
insulator. The two Weyl points are annihilated, and bands
(3) and (4) separate again. In Figs. 3(b) and 3(c), we
distinguish the Weyl points by their chirality y, which is
proportional to the Berry flux threading through a surface
enclosing the Weyl point. These trajectories predicted by
the effective Hamiltonian [Eq. (1)] are in excellent agree-
ment with PWE simulation [42].

Topological phases.—The Chern number is the topo-
logical invariant characterizing the bulk bands of WSMs. It
can be defined for a local energy gap in 2D cross sections of
the 3D BZ. Here, we consider 2D planes perpendicular to
the g, axis and compute the Chern number in each plane as
a function of ¢, [42]. The variation of Chern number
following lines 1 and 2 of Fig. 3(a) are shown in Figs. 3(d)
and 3(e), respectively. Along line 1, domain (I) has a
nonzero Chern number over the whole BZ, suggesting a 3D
CI phase. When the Weyl points appear and move toward
each other, the range of g, with nonzero Chern number
decreases and is limited between these two points.
Following line 2, we also realize a CI phase in domain
(II) and the WSM phase where the region between two
Weyl points has a nonzero Chern number. Remarkably,
domain (IIT) has a vanishing Chern number but is still a CI
since the Chern number is now nonzero in all 2D planes
normal to ¢;. Such a WSM-CI transition were theoretically
predicted [25,61] and observed recently in a photonic
lattice for microwave frequencies [62].

Fermi arc reconstruction.—Having a lattice with a con-
trollable WSM phase allows us to emulate the interface
states between two WSMs. We consider a photonic
junction of two configurations of the trilayer grating—
see Fig. 4(a). The two WSMs are chosen so that the bulk
spectrum of each junction side has two Weyl points, and the
straight line connecting them is misaligned with the
diagonal plane (¢q; = ¢,). The Weyl points of one side
can be transformed into those of the other side via reflection
at the diagonal plane [Fig. 4(b)]. Hence, this photonic
structure simulates the interface between two WSMs with
tilted anisotropy axes. The junction’s spectrum in the
diagonal plane, obtained by the effective model, is shown
in Fig. 4(c) (left) together with its transmission spectrum
(right) simulated by the finite-difference time-domain
(FDTD) method [63] using the MIT ELECTROMAGNETIC
EQUATION PROPAGATION package [64]. Comparing with
the effective model, which clearly distinguishes the bulk
and edge states, we can discern the gapless edge states in
the transmission spectrum of our junction.

To see the reconstructed FAs in an isofrequency surface,
we choose a frequency close to the bulk Weyl nodes,
indicated by the dashed lines in Fig. 4(c). The transmission
at this frequency over the 2D synthetic BZ is shown in
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Junction of two WSMs. (a) Sketch of the setup for simulation. The intralayer coupling strengths are U; = U; =1 and

U, = 1.2. (b) Positions of Weyl points on each side. The yellow dots correspond to (V,V,) = (1.3, 1) while the blue ones are for
(V1,V,) = (1, 1.3). (c) Energy spectrum of the effective model (left) and the transmission spectrum obtained from FDTD simulation
(right) of the systems in the diagonal plane ¢, = ¢,. The dashed lines indicate the frequencies for visualizing the isofrequency
transmission over the synthetic BZ in (d). The inset of (d) shows the reconstructed FAs, with the dashed gray lines being the FAs before

reconstruction.

Fig. 4(d), where the edge states correspond to the peaks
marked by purple dots. The edge-mode transmission is
strongest at ¢; = ¢, and dissipates toward the Weyl points,
indicating the nature of FAs to connect with the bulk Weyl
nodes. The resultant isofrequency contours are shown in
the inset of Fig. 4(d), in agreement with the effective model.
In addition, we employ the effective model to compute the
original FAs of each configuration and demonstrate how
they are reconstructed. We see that the two original FAs
hybridize with each other and become anticrossing.
Whereas the original FAs connect two Weyl points of
opposite chirality on the same side, namely the same bulk,
the reconstructed ones connect those with the same
chirality but on different sides of the junction. This
completely agrees with previous theoretical predictions
[30,33,34]. The curvature of the reconstructed FAs indi-
cates that the WSMs are strongly coupled [30,33]. Other
different cases of photonic junction can be found in the
Supplemental Material [42].

The reconstructed FAs are robust against perturbations
since the bulk Chern number topologically protects them.
Specifically, we can find cross sections of the BZ and
respectively compute the Chern number on each side so
that the difference in Chern number of both sides is
nonzero. For instance, the cross sections parallel to k along
the red dashed lines of Fig. 4(b) have a nonzero difference
in Chern number. The interface FAs are thus chiral, as can
be seen by the slopes of the edge states in Fig. 4(c). To
describe their chiral direction, we note that the chiral
direction of an original FA is given by ky x n, where
ky, is the vector connecting the two Weyl points and n is a
normal vector of the surface that goes toward the trivial

media [42]. The vector ky, points from the source toward
the sink of Berry curvature. The interface FAs are combi-
nations of the original ones, and hence their chiral direction
is given by Aky, x n, where Ak, is the difference in kyy of
the two sides.

Experimental feasibility.—The gratings in our system
can be experimentally realized using standard nanofabri-
cation methods, such as electron beam lithography and
ionic dry etching [51,60,65]. They are made of silicon
(refractive index n = 3.46) with period A = 380 nm for
operation in the telecom wavelength range (1 = 1.5 pm).
The relative displacement between the three layers can
be dynamically tuned via piezoelectric actuators that are
combined with goniometer stages for full control of
parallelism [66—69]. Another possibility is to employ
flip-chip bonding [70] to fabricate rigid structures exhibit-
ing different relative displacements; thus measuring the
structures one by one corresponds to probing the eigen-
mode in the (¢, ¢,) space. The edge states are visualized in
far-field spectroscopy by either microreflectivity measure-
ments [71,72], or the photoluminescence of emitters that
are embedded in the gratings [73-77]. In particular, the
second scenario can be used to couple edge states to single-
photon emitters for quantum effects [73-75], or to an
ensemble of emitters for lasing action [76,77].

Outlook.—This Letter demonstrates the FA recon-
struction between two WSMs in a versatile synthetic
photonic lattice. We expect that the confirmation of FA
reconstruction presented here would motivate further works
about phenomena related to these interface states. More-
over, this photonic system is a stepping stone to investigate
not only physics in higher dimensions, such as 4D quantum
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Hall effect [78] and 5D Weyl semimetal [79] but also non-
Hermitian topology, which is a natural question in leaky
photonic crystals when operating in the vicinity of the I
point of the 1D BZ [60].
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