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Photonic structures with Weyl points (WPs), including type I and type II, promise nontrivial surface
modes and intriguing light manipulations for their three-dimensional topological bands. While previous
studies mainly focus on exploring WPs in a uniform Weyl structure, here we establish Weyl hetero-
structures (i.e., a nonuniform Weyl lattice) with different rotational orientations in the synthetic dimension
by nanostructured photonic waveguides. In this work, we unveil a transition between bound and extended
modes on the interface of type-II Weyl heterostructures by tuning their rotational phases, despite the
reversed topological order across the interface. This mode transition is also manifested from the total
transmission to total reflection at the interface. All of these unconventional effects are attributed to the tilted
dispersion of type-II Weyl band structure that can lead to mismatched bands and gaps across the interface.
As a comparison, the type-I Weyl heterostructures lack the phase transition due to the untilted band
structure. This work establishes a flexible scheme of artificial Weyl heterostructures that opens a new
avenue toward high-dimensional topological effects and significantly enhances our capabilities in on-chip

light manipulations.
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The Weyl points (WPs) are degeneracy points of three-
dimensional (3D) band structure with linear dispersion in
the momentum space. They act as sources or drains of
the Berry curvature and imply the emergence of high-
dimensional topological modes known as the Fermi arc
surface states [1-15]. As a fundamental topological phe-
nomenon, WPs and associated surface states have been
demonstrated in various physical systems, such as elec-
tronics [2,3], acoustics [4—7], and photonics [8—15]. In
most of the previous studies, the Fermi arc states are
observed at the surface of a uniform Weyl medium.
Recently, new interface modes between two independent
Weyl structures have been demonstrated in photonic
lattices [16,17] with the assistance of synthetic dimension
[18-25], which bring about new insights and explorations
for richer interface physics of Weyl lattices.

Depending on the shape of the Fermi surface (isofre-
quency surface in the photonics context) at the Weyl
frequencies, Weyl systems can be categorized as type I
with a pointlike Fermi surface and type II with a conical
one [12,13,26-29]. The dramatic difference in band struc-
ture between the type-I and type-II Weyl media has brought
abrupt physics consequences [30]. In the viewpoint of
topological feature, robust edge states that are widely
presented at the boundaries or interfaces attribute to the
band inversion across two different media, which has been
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revealed in two type-I Weyl media by reversing their
topological orders [16,17]. In contrast, the type-II Weyl
media with a strongly anisotropic dispersion imply new
possibilities by constructing the Weyl heterostructures in
the synthetic space, in which the topological edge state at
the interface remains unidentified and even its existence
needs to be explored. The dispersive Weyl band structure
incorporation with the reversed topological orders would
possibly set new rules for the emergence of topological
modes and inspire new physics and effects. Moreover, the
experimental realization of a type-II Weyl heterostructure
in photonic systems still remains a big challenge.

In this work, we reveal a bound-extended mode tran-
sition and showcase total reflection phenomena in type-II
Weyl heterostructures, which are constructed by synthetic
dimension in nanostructured silicon-on-insulator (SOI)
waveguides [31,32]. For the type-II Weyl heterostructures
consisting of two type-II WPs with opposite topological
charges, the topological modes would disappear in some
parameter conditions regardless of the reversed topological
order, which arises from the tilted dispersion of type-II
Weyl band structure. This is in contrast to the type-I cases,
where the topological modes always exist as long as the
topological order is reversed. A 2D phase diagram is
depicted to show the phase transition of bound-extended
modes. We further show that the tilted dispersion can lead

© 2024 American Physical Society
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FIG. 1. (a) Synthetic Weyl lattice made by SWG waveguides.
The right panels show the enlarged structure and the cross section
of the unit cell. (b) Effective propagation constants of a single
SWG waveguide. The blue and red dashed curves correspond to
the positive and negative waveguide dispersions. (c) Variation of
Qweyl With wy.. Projected band structures at the 6/ — Sk space
(6m = 0) for wy, = 0.40 pm (d) and 0.52 pm (e), representing
the type-I and -II WPs (marked by the blue and red dots),
respectively. The red curves in (e) show a crossing at the
type-1I WP.

to total reflection at the type-II interface, differing from the
type-1 case with transmission across the interface. All of
these results are observed in SOI experiments at telecom-
munication wavelengths entirely consistent with theoretical
predictions.

We start with explaining the schematics of the synthetic
Weyl lattice in the integrated photonic platform [33-45]
with etched longitudinal subwavelength grating (SWG)
silicon waveguides [Fig. 1(a)], where a is the width of the
silicon slab, and P is the grating period. The cross section
of a unit cell is shown in Fig. 1(a), which consists of two
waveguides with the widths defined as w; = wy (1 + f11),
wy =wye(1 = frl), the gaps dy =d.(l+m), dr=
d.(1 —m), and the lattice constant A = wy, + wo. + 2d..
Here, d.=045pm, f;= (wi.+wy)/2Wi, Wi =
0.40 pm, and w,, is the control parameter. Overall, / and
m are independent numbers within [ — 1, 1], modulating the
propagation constant and coupling coefficient. [ and m can

form two parameter spaces, and when incorporating the 1D
Bloch wave vector k along the transverse direction x, they
construct a 3D synthetic-reciprocal space (k, I, m). A two-
fold degenerate point appears at (k., l., m.) = (#/A,0,0).
We define three dimensionless coefficients 6/ =1— 1,
ém = m — me, and 6k = (k — k) /ko (kg = n/A), and the
tight-binding Hamiltonian writes

H=p} (51)20;101,]‘ + 5 (51)241;;“2,]'
J J
+ K1(5m)2(a:jaz,j + a;.jal,j)
J

+ Kz@’")Z(“I,jHaz,j + a;,jal,j+1)’ (1)

J

where (5 (61) is the propagation constant of the waveguide
(i.e., the mode constant of the fundamental transverse electric
waveguide mode [46]). k() (dm) represents the coupling
coefficient. Upon Fourier transformation and expanding H
with respect to (61, 6m, k) up to the first order, we finally get
the effective Hamiltonian [46]:

H = 2cémo, + Kobkoy + b .6l(6, + aweyi0) + f-o,
+ p.00, (2)

where o,, 6,, and o, are Pauli matrices, and 6 is a 2 x 2
identity matrix. This Hamiltonian is a standard Weyl
Hamiltonian, which contains three real parameters: the
momentum ok and the parameters of 6/ and ém to mimic
the synthetic momenta. The coefficients ¢ = dk/ddm|s,_»
Ky = —«k. koA (k. is the coupling coefficient at the exact
Weyl point), and b, = (b; + b,)/2 are determined by the
waveguide structure parameters which refer to the concept
of Fermi velocity in an effective Weyl Hamiltonian in
the electronic context [46,48]. The tilting of the dispersion
cone is determined by the Weyl parameter ayey =
b_/b+ = (bl — bz)/(bl + bz), with AWeyl <1 (>1) corre-
sponding to a type-I (-I) Weyl system [27,30]. Here, b ;) =

5ﬁ1(2)/a5l|51=0: (Wictwa)/2 (aﬂl(z)/awl(Z) |w1(2)=w1(2) o)
is the first derivative of the propagation constant with respect
to the synthetic parameter 6/, which scales with the
dispersion of waveguide modes, i.e., the variation of f as
a function of w. For conventional waveguides, /3 increases as
wincreases (b () > 0), S0 ayyy is always smaller than 1, and
only type-I WPs can be achieved. Here, the SWG wave-
guides provide new control parameters to manipulate the
propagation constants [46], and it is possible to realize
conventional (b; > 0) and anomalous (b, < 0) waveguide
dispersions [see Fig. 1(b)], which imply type-I and—II WPs,
respectively. By varying w,., a continuous transition (at
Wy, = 0.43 pm) from a type-1 Weyl system to a type Il can be
realized [see Fig. 1(c)].

Figures 1(d) and 1(e) show the projection of the bands in
the (61, 5k) space with m = 0 for wy, = 0.4 pm (type 1)
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and wy. = 0.52 pm (type II), respectively [blue and red
pentagrams in Fig. 1(c)]. For wy, = 0.4 pm, the two bands
have opposite dispersion, and their crossing forms a type-I
WP with a pointlike Fermi surface [Fig. 1(d)]. In contrast,
the dispersion is strongly anisotropic, with both bands
having positive group velocities for w,, = 0.52 pm, which
corresponds to a type-IIl. WP with conical Fermi surface
[Fig. 1(e)]. We experimentally confirm the WPs by observ-
ing the conical diffraction effect according to their linear
dispersion [46].

We connect two synthetic Weyl lattices (medium A and B)
with independent WPs to construct the Weyl heterostructures
[Fig. 2(a), left panel]. Two rotational loops around the two
WPs of the heterostructures in the 6/ — dm parameter spaces
are defined with 6l5p) = 6lycosam) and Smpm) =
Smy sin g, where ¢ a(g) € [0, 27] are the rotational phases
around the two WPs, and 6/, and om,, are the shared radii
[Fig. 2(a), right panel]. In this way, we can map the original
two “independent” WPs to a (¢4, ¢g) phase diagram. The
projected band structures in the 6k space of medium A and B
are hyperbolic curves separated by a gap [see Fig. 2(d)]. For
the type-I Weyl heterostructures, the gaps of two media
are always matched with each other during the rotation
[Fig. 2(d), right panel]. However, as an important comparison
for the type-1I Weyl heterostructures, the two gaps shift with
each other during the rotations, resulting in completely
mismatched band gaps [Fig. 2(d), middle panel] or partially
overlapping bandgaps [Fig. 2(d), left panel]. We define a
band-shift index v to describe the relationship between two
band gaps, where v = 0 indicates completely mismatched
band gaps, and v = 1 represents that these two band gaps
have overlaps [46]. Figure 2(b) shows a 2D map of v(¢h», ¢p)
for the type-II heterostructures with respect to ¢, and ¢g,
where the blue regions indicate totally mismatched band gaps
(v =0), and the red regions indicate that there are some
overlaps for the two gaps (v = 1).

Consider that the two Weyl structures rotate in opposite
directions [¢pg = —¢5 + ¢, where ¢ € [0, 27] is a constant;
Fig. 2(a), right panel]. In this situation, the topological
charges of the two WPs are opposite, which correspond to
reversed topological orders [12,16,17,27] and indicate the
emergence of topological modes [49,50]. For type-I Weyl
heterostructures, the topological states always exist as long
as the two Weyl structures rotate in opposite directions
[16]. However, for the type-II Weyl heterostructures, there
are some regions of ¢ where the bound states can become
extended due to the mismatched band gaps. To illustrate
this, we define the band-shift index o for different rotational
loops with ¢pg = —¢pp + ¢ (each ¢ corresponds to a rota-
tional loop), i.e., v(¢p) = v(¢pa = 0, = @), as shown in
Fig. 2(c). As ¢ increases from 0 to 2z, the bound-extended-
bound mode transition process is predicted, corresponding
to v(¢) taking 1-0-1. The detailed condition for the bound-
extended mode transition is analyzed in [46], together with
the calculated inverse participation ratio. In the following,

)o (0.4, 1.6m) (1.4, 0.6m) (r, 0) (, 0)
| A \’ ARl A |
a | l Il |
X X X X
FIG. 2. (a) Constructing Weyl heterostructures with two Weyl

media (A and (B) (left panel). Two rotational loops (¢, and ¢p)
around the WPs are introduced in 6/ — ém spaces (right panel).
(b) A 2D map (¢h», ¢p) of v shows matched (red regions, v = 1)
and mismatched (blue regions, v = 0) gaps in type-II Weyl
heterostructures. (c) Band-shift index v as a function of ¢, where
the red and blue arrows mark the cases (i) and (ii) shown in (e),
respectively. (d) Projected band structures in the dk space of
medium A and B. (e) Eigenvalue spectra as a function of ¢, for
loops shown in (b), case (i) for the black line, and case (ii) for the
white line. The red (black) curves represent the topological bound
states (trivial defect states). 6, = 0.025, omy = 0.2, and the
number of unit cells is 20 at each side. (f) Eigenmode distribu-
tions for the cases marked by dots in the spectra.

we take ¢p = 2z [v = 1, case (i) in Fig. 2(b)] and 7 [v = 0,
case (i) in Fig. 2(b)] as two representative examples to
illustrate their eigenvalue spectra and bound or extended
modes.

Figure 2(e) shows the eigenvalue spectra of the type-II
Weyl heterostructure as a function of the rotating phase ¢,
with pp = —pp + 27 (p =27, v = 1) and ¢pg = —p5 + =
(¢p = n,v = 0), corresponding to the dashed black [case (i)]
and white [case (ii)] lines marked in Fig. 2(b), respectively.
As expected, there are gapless topological states (red
curves) connecting the upper and lower bulk bands (gray
curves) for case (i) [Fig. 2(e), left panel], which exhibits
antisymmetric (0 < ¢, < ) or symmetric (7 < ¢ < 2x)
features [see corresponding modal profile in Fig. 2(f), green
curve for the antisymmetric mode with (¢Pa,dp) =
(0.47,1.6z), and blue curve for the symmetric one at
(1.47,0.6xr)]. The wave functions of these topological
bound states can be found in [46]. To be mentioned, there
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FIG. 3. (a) Top panel: Schematics of the adiabatic inversed
taper. Middle panel: Simulation results of the designed pair of
inversed tapers to generate two out-of-phase outputs. Bottom
panel: Zoom-in top view of the fabricated inversed tapers.
(b) Optical images of an experimental sample. (c) Experimentally
captured optical signals through the waveguide lattice.
(d—g) Simulated light propagations (left) and experimentally
detected output intensities (right) for Type-II Weyl heterostruc-
tures at (1.4z, 0.67) (d), at (0.4z, 1.6x) (e), at (, 0) (f), and Type-
I Weyl heterostructures at (z,0) (g), corresponding to the cases
marked by blue, green, orange, and red dots in Fig. 2. The dashed
lines indicate the interface.

is a pair of nontopological defect modes existing beyond
the bulk band [marked by black curves in Figs. 2(e)
and 2(i)], which are induced by the coupling between
two media [46].

In contrast, for case (ii) crossing the blue regions (v = 0),
we find that even if the topological charges of the two WPs
are still opposite, the expected topological states cannot
exist [see eigenvalue spectra in Fig. 2(e), middle panel].
This is because the two type-II Weyl media have totally
mismatched band gaps in the blue regions. As such, only
extended bulk modes can appear [see mode distributions in
Fig. 2(f), orange curve, for (¢, ¢pg) = (7,0)]. Note the
absence of topological modes only happens for the type-II
Weyl heterostructures, while for surface modes in a uni-
form Weyl medium, their existence is solely dependent on
the nontrivial topological charges of WP, because the gap
always matches with the trivial ambient medium. In
addition, we also analyze the case of type-I Weyl hetero-
structures for comparison [Fig. 2(e), right panel]. As
expected, the interface states reemerge for case (ii) [see
Fig. 2(f), red curve, (¢a, pg) = (7, 0)].

In experiments, we fabricate the samples in a silicon
wafer on a sapphire substrate [46] [Fig. 3(b)]. The light
(1550 nm laser) is injected into the SWG arrays via a
grating coupler, a strip waveguide, and an inversed taper.

The taper structure is designed with an adiabatically
narrowed width to transform the strip waveguide mode
to the desired SWG mode [31,32] [Fig. 3(a), top panel].
Besides, for the excitation of antisymmetric bound states,
two-waveguide inputs with out-of-phase (z phase shift)
excitations are required to match the profile of eigenmodes,
so we designed two inversed tapers with different variations
of the widths to realize different phase accumulations and
the required out-of-phase excitations [Fig. 3(a)]. Figure 3(c)
displays the optical propagations in experiments for the
antisymmetric bound modes [type-II Weyl heterostructures
with (¢4, pg) = (0.4x, 1.67)]. The light comes out from the
center of the sample, indicating the emergence of the
localized interface modes. The enlargement of the output
signal is shown in the right panel of Fig. 3(e), with the
simulated light evolution displayed in the left. A well-trapped
propagation at the interface can be observed that is consistent
with the experiment. The corresponding results for the
symmetric bound modes, i.e., type-1I Weyl heterostructures
at (1.4x,0.67), are also shown in Fig. 3(d). Both simulation
and experiment demonstrate the localization at the interface,
confirming the existence of the localized bound states. In
contrast, for type-II Weyl heterostructures at (, 0), the input
light clearly scattered out into the bulk of the Weyl hetero-
structures [Fig. 3(f)], indicating no bound states at the
interface. We also examine the type-I case with the same
position (z,0) at the synthetic space [Fig. 3(g)], and the
localized bound mode reemerges with a strong localization at
the interface.

The unique feature of the complete band mismatching
for type-II Weyl heterostructures also implies quite distinct
light refraction phenomena at the interface. For the normal
type-I case with ¢, = 7 and ¢y = 0, the projected band
structures of A and B have similar parabolic dispersions
with matched k, [Fig. 4(a)]. Therefore, the light input from
medium B would go through the interface and enter into
medium A [Fig. 4(c)]. In contrast, the projected band
structures of A and B of the type-II case are shifted along
the k, direction due to the anisotropic dispersion, so the
wave vectors on either side of the type-II WP do not match
each other [Fig. 4(b)]. As a consequence, the input light
from medium B would be totally reflected at the interface
[Fig. 4(d)]. The distinguished total reflection behaviors of
type-II Weyl heterostructures are well confirmed in the
simulations [Fig. 4(f)], which is coincident with the experi-
ments [Fig. 4(f), right panel]. As a comparison, the light
passes through the interface and enters into medium- for the
type-1 case [Fig. 4(e)]. Changing the input ports or the
incident angles will not influence the total reflection
behaviors [46].

The Weyl systems and interfaces have also been studied
in the context of superconductors and Andreev reflection
[51-54], where the anisotropic energy spectrum of the
type-1I Weyl media plays a key role in tuning the Andreev
reflection property. Moreover, besides the specific total
reflection behaviors of the type-II case shown in Fig. 4(f), it

143801-4



PHYSICAL REVIEW LETTERS 132, 143801 (2024)

Intensity

FIG.4. (a) Left panel: projected band structure of the type-I WP
in the 6] — 6k synthetic space; the blue and red cut planes mark
the positions of the medium A and B. Right panel: projected
bands on the two cut planes. (c) Enlargement of the type-I Weyl
heterostructure sample, clearly showing the SWG structures at
the interface of medium A and B. The yellow arrows indicate the
energy flow. (e) Simulated light propagations (left) and exper-
imentally detected output intensities (right) for the type-I Weyl
heterostructure. (b),(d),(f) Corresponding results for the type-II
Weyl heterostructures.

is possible to realize partial transmission across the inter-
face by controlling the relative values of ¢, and ¢g, as well
as the excitation condition, a phenomenon related to the
field of Klein tunneling [55-59]. More interestingly, the
Weyl semimetals and heterostructures have also generated
interest in the context of analog gravity [60—66]. Therefore,
we anticipate that our experiments demonstrated in the
synthetic photonic systems will attract broad interest from
the community of topological physics, integrated photon-
ics, condensed matter physics, and quantum simulations.

In summary, we explore synthetic Weyl heterostructures
and demonstrate the topological manipulation of bound
states and light reflection in type-1I Weyl heterostructures.
These Weyl media are constructed by a nanostructured
photonic waveguide, which gives rise to continuous con-
trollability for building type-I and -1l WPs. By connecting
two independent type-II Weyl media with distinct topo-
logical charges, a type-Il Weyl heterostructure can be
constructed that supports topologically protected bound
states, which would disappear and reemerge by tuning their
rotational phases. The absence of a topological mode arises
from the tilted dispersion of type-II Weyl band structure.
Moreover, the tilted dispersion of the type-II Weyl band
structure can lead to the total reflection at the interface,
in contrast to the transmission for normal type-I cases.
This work provides a versatile photonic platform for
constructing synthetic dimensions and studying high-
dimensional topological phenomena. The demonstration

of Weyl heterostructures associated with novel physical
consequences would inspire further exploration in a pleth-
ora of systems, ranging from photonics and microwaves to
cold atoms and acoustics.
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