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Topological photonics, featured by stable topological edge states resistant to perturbations, has been
utilized to design robust integrated devices. Here, we present a study exploring the intriguing topological
rotated Weyl physics in a 3D parameter space based on quaternary waveguide arrays on lithium niobate-on-
insulator (LNOI) chips. Unlike previous works that focus on the Fermi arc surface states of a single Weyl
structure, we can experimentally construct arbitrary interfaces between two Weyl structures whose
orientations can be freely rotated in the synthetic parameter space. This intriguing system was difficult to
realize in usual 3D Weyl semimetals due to lattice mismatch. We found whether the interface can host
gapless topological interface states or not is determined by the relative rotational directions of the two Weyl
structures. In the experiment, we have probed the local characteristics of the TISs through linear optical
transmission and nonlinear second harmonic generation. Our study introduces a novel path to explore
topological photonics on LNOI chips and various applications in integrated nonlinear and quantum optics.
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Introduction.—Since the discovery of the quantum Hall
effect [1,2], topological materials have been discovered in
various physical systems, such as topological insulators
[3,4], topological semimetals [5], graphene [6], etc. The
most interesting property of these topological materials is
the existence of topologically protected edge states or
surface states, for example, the Fermi arc surface states
in Weyl semimetals. At present, the Weyl point (WP) has
been observed in condensed matters [7,8], photonic crystals
[9,10], waveguide arrays [11], and metamaterials [12—14].
In addition, with the help of synthetic dimension, people
can also obtain 3D WPs with lower dimensional struc-
tures [15,16]. Although Weyl semimetals have been
widely studied, most of the researches have focused on
the single Weyl crystal [7-16]. Recently, rotating bilayer
graphene has become a hot topic [17]. However, the
topological physics of two rotating Weyl structures has
never been studied. According to our knowledge, topo-
logical interface states (TISs) between two independent
Weyl structures have not been realized yet. It is because the
construction of interface in condensed matters, photonic
crystals, optical lattices, and metamaterials is quite chal-
lenging, which requires lattice matching and specific
crystal orientation.

Branching from topological insulators, topological
photonics [18-20], which hosts topological edge states
[21-27], has been utilized to design robust integra-
ted optical devices. One of the ideal platforms is the
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silicon-on-insulator (SOI), where various integrated topo-
logical devices have been experimentally realized [28-32],
including waveguide lattices, ring resonator arrays, and
photonic crystals. Besides SOI, lithium niobate-on-insu-
lator (LNOI), as a new promising integrated-photonics
platform, has attracted increasing attention due to its
remarkable characteristics [33—37]. Compared with SOI,
LNOI has several advantages, for instance, high second-
order nonlinearity, strong electro-optic effect, and trans-
parency in the visible region. Although some microstruc-
tures in LNOI have been reported to obtain various
integrated photonic devices, including waveguides, reso-
nant cavities, and periodically poled lithium niobate (LN)
structures [33—37], the territory of topological photonics on
LNOI chips remains largely unexplored.

In this work, we propose an experimental study
exploring synthetic rotated Weyl physics based on
quaternary waveguide arrays (QWAs) on a LNOI chip.
A feasible strategy is used to construct arbitrary interface
between two independent Weyl structures. The interface
can either host gapless TISs or not, depending on the
relative rotational directions of the two Weyl structures. If
they rotate in opposite directions, two types of gapless
TISs arise. Otherwise, if they rotate in the same direction,
only a trivial interface state can exist. In experiments, we
designed and fabricated spliced LNOI QWAs, and
observed the TISs through linear and nonlinear optical
measurements.
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FIG. 1. Realization of a WP by the 1D QWA. (a) Schematic of a
1D QWA in a unit cell that consists of four waveguides, with
370 nm in height and a 65° sidewall angle. p and ¢ are two
independent numbers forming a parameter space. (b) Band
dispersions at a fixed wavelength (4 = 1040 nm). Here, kj =
n/(dy +d,) and k, is normalized by 2z/4. (c) The band
dispersions of the QWA (p = ¢ = 0) around the crossing formed
by bands 1 and 2 in (b), where the solid red lines are calculated in
the frame of a QWA, while the dashed blue line is from a binary
waveguide array. The solid gray dots are numerical results
obtained by the tight-binding approximation. (d) The band
structure in the (p,q) space with k, = 0.5k, forms a conical
intersection.

Lithium niobate-on-insulator quaternary waveguide
arrays.—Figure 1(a) shows the cross section of a LNOI
QWA in a unit cell, which consists of four waveguides with
the widths defined as dy = d,(1 + p), d\ = d,(1 — p),
dg = dy)(1+ q), and dj = d,(1 — gq), where d; = 1 um,
d, = 0.8 um, and the lattice constant is A = 2d; + 2d,. p
and ¢ are two independent numbers within ( — 1, 1), which
construct a 3D synthetic parameter space [38] when
incorporating the 1D Bloch wave vector k,.

The first four band dispersions of the fundamental trans-
verse magnetic modes at a fixed wavelength (1040 nm)
calculated by COMSOL Multiphysics (COMSOL Inc.) are
plotted in Fig. 1(b), where the longitudinal wave vector k,
acts as the effective “energy” and k, is the 1D Bloch wave
vector in unit of kg = z/(d; + d,). Considering the special
case p =¢q =0 as plotted with red lines, the QWA is
equivalent to a binary waveguide array; thus, the two bands
form a linear crossing at k, = 0.5k, due to the band
folding. The band dispersions near the crossing formed
by bands 1 and 2 are enlarged in Fig. 1(c). Once deviating
from (p, g) = (0,0), the degeneracy is lifted, and a band
gap emerges [see the dashed black lines in Fig. 1(b)].

Considering bands 1 and 2, as most of the field
distribution is located at the A and A’ positions [see the
inset of Fig. 1(c)], the B(B’) waveguides can be regarded as

auxiliary waveguides to control the coupling strength
between adjacent A and A’ waveguides [39]. Then the
QWA reduces to an effective binary optical lattice, as
illustrated in the bottom of Fig. 1(a). By employing the
tight-binding approximation, the Hamiltonian is

H=x(q)) (AL, +ATA,)
n
+12(@) Y (A Ay + ATA,)

+A1(p)Y _ANA+Pa(p)Y_ATAL (1)

where k() (g) represent two effective coupling coefficients
that are functions of ¢, and f;)(p) are the on-site
propagation constants of the A(A’) waveguides that are
functions of p. For (p,q) = (0,0), the dispersions are
plotted with gray dots in Fig. 1(c), which matches well with
the simulation data. By expanding near the degenerate
point (p,,, g, k) = (0,0,0.5ky), we can get the effective
Hamiltonian (Supplemental Material, Sec. 1 [40]): H =
bgpaz + 2m§qvqx6x - Kogk"y + ﬂ0609 where gp =P = Pw
¢, =q—qy & = (k—k,)/ky are three dimensionless
coefficients, ¢;(i = x,y, z) is the Pauli matrix, o is a 2 x
2 identity matrix, fy = 1.805, b = 0.09, m = 0.018, and
kKo = 0.009. This Hamiltonian takes a standard Weyl
Hamiltonian form [43]. Figure 1(d) shows the projection
of the bulk bands in the (p,q) space with k, = 0.5kq.
According to the definition [43], the degenerate point
is actually a WP. Its ‘charge’ can be determined as
¢ = sgn(—bmky) = —1. In addition to this WP correspond-
ing to A(A’) waveguides, we can also find another WP
related to B(B’) waveguides if we regard A(A’) waveguides
as auxiliary waveguides (Supplemental Material, Sec. II
[40]). In the following content, we only focus on the former
WP. Fermi arclike edge states related to a single WP are
observed (Supplemental Material, Sec. III [40]). As the
parameter space is not periodic, charge neutrality is not
indispensable here [16,41]. Thus, unlike periodic systems
[7-16], our system exhibits a single negative-charged WP
(Supplemental Material, Sec. IV [40]). This is a unique
feature of synthetic dimension, which leads to incompa-
rable advantages in controlling the surface states.

Rotated Weyl physics.—Here we propose a highly
adjustable topological interface formed between two
Weyl structures by rotating them in opposite directions.
To define the rotation of them in the k, direction, we
consider two rotational loops in the two parameter spaces,
as illustrated in Fig. 2(a):

= r cos @, = | COS @,
{51;1 1COS @y {§p2 1 COS @ 2)

. . 9
gql = rsmey, §q2 = Ismes,

where @, @, € [—r,x) are the rotational angles around
WPI1 and WP2, respectively, and r;, r, are the shared radii.
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FIG. 2. TISs of the interfaced two WPs. (a) Interfacing two
WPs. Two rotational loops of the same size encircling the WP are
introduced in the parameter spaces. (b) Numerical results for
small loops in (a), projected in the new (¢;, ¢,) space (bottom).
Top inset: the projection to the (¢, ¢,) plane, where the black
dashed line leads to a nontrivial case while the white dashed line
results in a trivial case. (c), (d) Eigenvalue spectra as a function of
@, by full-wave simulation for large loops in (a), which follow
specific paths in (b): ¢, = —@; — 0.1z [(c), rotating in the
opposite directions, nontrivial], ¢, = ¢; + 0.9z [(d), rotating
in the same direction, trivial]. The gray regions represent bulk
bands. (e) Top: field intensity distributions of the two types of
TISs in (c) (indicated by the red and blue arrows). The eight
central waveguides are enlarged. The black dashed line indicates
the position of the interface. Bottom: the corresponding field
intensity profiles.

In such a way, we can map the original two “independent”
WPs to a new (¢;,@,) parameter space. Numerical
calculations based on the tight-binding model are carried
out for the compound interfaced structure, in which
r1 = 0.0045, r, = 0.045, and the number of unit cells is
set as 100 at each side. Figure 2(b) shows the eigenvalue
spectrum in the (¢,¢,) space. Two colored surfaces
representing two types of interface states connect the upper
and lower bulk bands. We project them to the (¢, ¢,) plane
in the top inset. If the two Weyl structures rotate in opposite
directions, we can define the relationship between the two
angles as @, = —@; + 6 (Supplemental Material, Sec. V
[40]), where 6 is a constant, as illustrated by the dashed
black line under periodic conditions. In this situation the
topological charges of the WPs are opposite (Supplemental

Material, Sec. VI [40]). The loop around WP1 exhibits a
counterclockwise rotation, while the loop encircling WP2
follows a clockwise rotation, as illustrated by the arrows in
Fig. 2(a). According to the bulk-edge correspondence [20],
there must exist two TISs on the interface.

For further verification, we perform full-wave simula-
tions following the path ¢, = —¢; — 0.1z in the compound
system, where 7; = 0.03 and r, = 0.125, and the number
of unit cells is set as 10 at each side. Figure 2(c) shows the
eigenvalue spectrum as a function of ¢, where the gray
regions represent bulk bands. Two types of gapless TISs are
plotted with solid red and blue dots. We choose two cases
for illustration purposes [indicated by arrows in Fig. 2(c)]
and plot the field intensity distributions and profiles in
Fig. 2(e). For ¢; = —0.45x, the interface mode has strong
field confinement in the vicinity of the interface, with the
majority of field intensities lying on the central A} and A)
waveguides. For ¢; = 0.3z, an exponentially localized
intensity profile is revealed, with the maximum field
intensity lying on the central A, waveguide. Note that
we only choose 0= —0.1z for ¢, = —¢; + 6 above.
Other values of 6 are also analyzed in the Supplemental
Material, Sec. VII [40], where the phenomenon of two
gapless TISs is maintained. This indicates that the interface
we constructed shows great flexibility, owing to that &, ()
and &,(2) are synthetic momentum vectors.

Note that we only go through the curve of a fixed same
size encircling each WP in the (&,1(2).&,1(2)) spaces. The
new (@, ¢, k,) parameter space is a 3D space, where each
2D (¢, k,) slice that does not contain any Weyl nodes can
be considered as a Chern insulator. The Chern number
changes by two following the ¢, = —¢@; + 6 loop, leading
to two gapless TISs. If we sweep the radii of the loops,
fermi arclike interface states can be obtained. Here, the
relative rotational directions determine the topological
charges of Weyl nodes. On the contrary, if two Weyl nodes
rotate in the same direction as ¢, = ¢; + @’ [see the dashed
white line in Fig. 2(b)] (Supplemental Material, Sec. V
[40]), the topological charges are the same (Supplemental
Material, Sec. VIII [40]). Figure 2(d) shows an example of
@2 = @1 + 0.9z2. The Chern number does not change in this
situation, leading to no gapless TISs, which is a trivial case.
Similar phenomena take place for other values of &'.

Experimental observation of topological interface
states.—We propose the LNOI QWAs for exploring the
TISs (Supplemental Material, Sec. IX [40]). Three com-
pound QWAs were fabricated corresponding to ¢; =
—0.457,0.37, z, where @, = —@; — 0.1z. The scanning
electron microscopy images of one sample are presented in
Figs. 3(a) and 3(b). In the experiments, we input the 1040-
nm light into the QWAs and captured the output signals,
which are displayed in Figs. 3(d), 3(f), and 3(h) (top
panels). Their intensity profiles are displayed in bottom
panels with solid black curves. For verification, numerical
propagation simulations are performed in Figs. 3(c),3(e),
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Numerical and experimental results. (a) Scanning electron microscopy top view of a sample. (b) Enlarged regions in (a). (c),

(e),(g) Propagation simulations. TISs cases: ¢; = —0.457 (c), ¢; = 0.37 (e); Case without TIS: ¢; = z (g), where ¢, = —¢; — 0.1x.
The gray color range is. [0,0.4]. (d),(f),(h) Experimentally detected output intensities (top) and intensity profiles (bottom) of simulation
results (red bars) and experimental results (solid curves) for different cases: ¢; = —0.457 (d), ¢; = 0.37 (f), ¢; = = (h). The intensities
are all normalized to the specific photoelectric conversion parameter of the sCMOS camera (Hamamatsu, ORCA-Flash 4.0,

C11440-420).

and 3(g). We extracted the intensity of simulations at the
propagation length of experimental samples (indicated by
the dashed white line) and displayed them in Figs. 3(d),
3(f), and 3(h) (bottom panels) with red bar diagrams.

For ¢; = —0.457, we take the central A, waveguide as
the input, since the maximum field intensity of TIS lies on it
[see Fig. 2(e)]. The simulation shows that most of the field
intensity is located near the interface. Part of the field is
spreading during the propagation, due to that the input
mode is not a pure TIS, but a superposition of the TIS and
other bulk modes. Figure 3(d) shows good agreement
between experiment and simulation, with a power maxi-
mum near the interface (dashed black line) and an expo-
nential decay on both sides. For ¢, = 0.3z, we choose the
central A, waveguide as the input. The propagation
simulation in Fig. 3(e) shows a singular topological defect
among spreading bulk modes. In Fig. 3(f), both the
experiment and simulation exhibit a power maximum near
the interface, with exponentially attenuated intensities
away from it, which shows a reasonable match. For
@1 = &, no TIS is supported. The simulation propagation
behavior in Fig. 3(g) is manifested like the well-known
phenomenon of discrete diffraction [42]. The light coupled
into the central A, waveguide spreads as it propagates. The
experimental measurement and the simulation follow the
same diffused trends in Fig. 3(h).

The localization of light intensity near the interface
indicates the existence of TISs, while the diffused light
spread away from the interface shows the case without TIS

(Supplemental Material, Sec. X [40]). We also perform
numerical calculations with random disorders introduced to
the three samples. The presence of two TISs accompanied
by the absence of TIS during the sampling of adiabatic
pumping process is consistent with the theoretical predi-
cation of two gapless TIS bands (Supplemental Material,
Sec. XI [40]).

In addition to the experimental methods above, nonlinear
optics can also provide a good method to probe TISs [32].
Here we use efficient second-harmonic generation (SHG)
in LNOI to investigate TISs. With the same input positions
as in the fundamental frequency (FF) light (1040 nm) cases,
the captured SHG light (520 nm) at the output is shown in
Fig. 4(a). We extracted the SHG intensity profiles and
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FIG. 4. Experimental second-harmonic generation (SHG) re-
sults. (a) Experimentally detected output SHG intensities for the
three cases. (b) The corresponding SHG intensity profiles with
colored solid curves. The intensities are all normalized to the
specific photoelectric conversion parameter of the sCMOS
camera (Hamamatsu, ORCA-Flash 4.0, C11440-42U).
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plotted them with curves of different colors for the three
cases in Fig. 4(b). The two TIS cases (¢, = —0.457, 0.37)
exhibit a much stronger SHG signal than the case without
TIS (¢, = =), indicating a nonlinear enhancement for TISs
due to the strong field localization and the immunity to
fabrication imperfections. Note that SHG light exhibits a
more localized distribution than FF light, which is reason-
able since the coupling strength of the SHG light is weaker
than that of the FF light. The SHG signals provide another
effective way to observe the field localization of TISs.

Conclusion and discussion.—In summary, we bridge
topological photonics with the LNOI platform. We dem-
onstrate rotated Weyl physics with QWAs on a LNOI chip.
We successfully construct an interface between two rotated
Weyl structures whose topological relations can be flexibly
tuned. The interface between two Weyl structures with
opposite rotational directions supports two gapless TISs,
which were experimentally observed. The local character-
istics of the TISs is also probed by nonlinear SHG. In this
work, we only discuss the interface state between two
rotating Weyl structures in the synthetic parameter space,
and this result can possibly be extended to real 3D Weyl
structures. However, we have to solve the problem of lattice
matching when splicing two rotated 3D Weyl lattices. It can
be anticipated that they can only match for some specific
rotational angles, and the mismatch for an arbitrary rota-
tional angle will inevitably introduce significant defects.
Future research on this topic is worth exploring. Beyond
this, it is possible to investigate the interface states between
two non-Hermitian Weyl rings if gain and loss are
considered [44]. Moreover, this work introduces a new
way to study linear and nonlinear topological photonics on
the LNOI platform and can lead to various applications in
integrated nonlinear and quantum optics.
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