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The study of topological semimetals hosting spin-1 Weyl points (WPs) beyond Dirac points and WPs has attracted a great deal of
attention. However, a spin-1 Weyl semimetal that exclusively possesses spin-1 WPs in a clean frequency window without being
shadowed by any other nodal points is yet to be discovered. This study reports a spin-1 Weyl semimetal in a phononic crystal. Its
spin-1 WPs are touched by two linear dispersions and an additional flat band and carry monopole charges (—2,0,2) or (2,0,-2) for
the three bands from the bottom to the top. They result in double Fermi arcs, which occur between the first and second bands, as
well as between the second and third bands. Further robust propagation is observed against the multiple joints and topological
negative refraction of the acoustic surface arc wave. The results of this study create the basis for the exploration of the unusual
properties of spin-1 Weyl physics on a macroscopic scale.
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1 Introduction

The discovery of Dirac and Weyl semimetals [1-8] featuring
fourfold and twofold linear crossing points in their band
structures has opened up a new field of research known as
topological semimetals [9,10]. The low-energy excitations
near the Dirac points and Weyl points (WPs) are described by
the Dirac and Weyl equations; thus, they behave like Dirac
and Weyl fermions, i.e., the relativistic spin-1/2 fermions in
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quantum field theory. Unlike the fermions in high-energy
theories, the excitations in crystals are protected by the rich
symmetries of the space group (rather than the Poincaré
symmetry) and give rise to new physical phenomena, such as
type-1I Weyl semimetals [11], nodal line semimetals [12],
and spin-1 Weyl semimetals [13]. The spin-1 Weyl semi-
metals, which exclusively host spin-1 WPs in a frequency
window without being shadowed by any other nodal points,
have recently been proposed in electronic and cold atom
materials [13-15]. However, the spin-1 Weyl semimetal is
yet to be realized.

Spin-1 WPs are threefold degenerate points that are tou-
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ched by two linear dispersions and an additional flat band;
furthermore, they also carry topological charges (—2,0,2) or
(2,0,-2) [13]. Many interesting properties result from spin-1
WPs with nontrivial topology or chirality, such as double
Fermi arcs [13,14], chiral anomaly [13], the quantized cir-
cular photogalvanic effect [16-18], chiral optical response
[18,19], and novel Imbert-Fedorov shift [20]. In terms of
theoretical predictions [16,21-24] and experimental ob-
servations [25-31], spin-1 WP coexisting with other chiral
multifold points has been the focus of significant interest.
Although spin-1 WPs have been reported in refs. [25-31], the
topological charges of spin-1 WPs have not been completely
verified. Only the topological charge —2 of the first band of
spin-1 WP can be determined by double Fermi arcs. To ex-
plore the topological physics of spin-1 WP, it is necessary to
realize a real spin-1 Weyl semimetal with pure spin-1 WPs.

This study presents the realization of a spin-1 Weyl
semimetal in a three-dimensional (3D) phononic crystal
(PC). The unique advantage of PCs over electronic materials
lies in their macroscopic scale and the flexibility of fabri-
cation. In this study’s design, as there are only two spin-1
WPs near a frequency surface, the separation between the
WPs can be sufficiently wide. This is so that the WPs and the
associated surface arcs, which are similar to the Fermi arcs
found in electronic systems, can be easily accessed in ex-
periments. First, the study examines the spin-1 WPs in a
layer-stacking Lieb lattice and reveals the phase diagram and
topologically protected surface states. Then, a 3D PC cor-
responding to this lattice model is designed, and the ex-
perimental observations of the spin-1 WPs and surface arcs
are presented. The theoretical and experimental results are
found to be in good agreement.

2 Methodology of simulations and experiments

PC full-wave simulations were performed using the com-
mercial COMSOL Multiphysics solver package. The sys-
tems were filled with air at a mass density of p=1.18 kg m°
and a sound velocity of v=346 m s at room temperature.
Because of the huge mismatch of acoustic impedance com-
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pared with air, during the simulations, the plastic stereo-
lithographics were considered as rigid boundaries. The
periodic boundary conditions were applied in all three di-
rections of a unit cell to calculate the bulk dispersions; rigid
boundaries were applied in the x-direction, and periodic
boundaries were applied in the y- and z-directions of a ribbon
structure to calculate the surface-state dispersions.

For the experimental measurements, the sample was
stacked with 23 layers along the z-direction with each layer
containing 26x26-unit cells. Acoustic excitation was
achieved using a sub-wavelength headphone with a 3.0-mm
diameter. This was placed at the center of the 3D sample for
bulk state excitations and at the center of the corresponding
surface with rigid boundaries for surface wave excitations. A
sub-wavelength microphone probe with a 1.5-mm diameter
was used to measure the acoustic pressure fields in the
samples. A Keysight 5061B network analyzer was used to
send and receive the acoustic signals. The pressure fields
were measured inside the sample and were Fourier trans-
formed into the reciprocal space to obtain the plane wave
components of the excited Bloch states in all the Brillouin
zones (BZs). The Bloch states were constructed by picking
up and assembling the corresponding plane wave compo-
nents in all BZs. The bulk band structure was then expressed
in terms of Bloch states by calculating and plotting the
average intensity of the wave function over a unit cell in the
first BZ for all states.

3 Results and discussion

3.1 Tight-binding model

To effectively illustrate the development of spin-1 WPs, this
study constructed a tight-binding model based on a layer-
stacking Lieb lattice with a three-site unit cell, which is de-
noted by A (red sphere), B (yellow sphere), and C (blue
sphere) in the upper panel of Figure 1(a). The nearest-
neighbor hoppings of the intralayer in the xy plane are ¢, and
the interlayer couplings (dashed lines) are chiral with
strength #.. Based on the sublattices (A—C), the Bloch Ha-
miltonian of this model can be described by

0 2t,cos(kal2) 2tocos(k}a / 2)
H=|2tcos(ka/?2) 0 t.cos(k.h) =it ,sin(k.h) |, (1
21icos(kya/2) t.cos(k.i)+ it sin(k.h) 0

where ¢,,=4¢,cos(k.a/2)cos(k,al2), t.,=4t,sin(k.a/2)sin(k,a/2),
and ¢, £,<0. The lattice constants in the x- (or y-) and z-
directions are denoted by a and #, respectively. Diagonaliz-
ing the Hamiltonian (1) yields a pair of spin-1 WPs with zero
energy located at points M=(n/a, n/a, 0) and R=(n/a, n/a, T/a)

[

in the first BZ, as shown by the green and purple spheres in
the left panel of Figure 1(b). These two spin-1 WPs at the M
and R points are determined by three coexisting chiral
symmetries along three mutually orthogonal lines (Sup-
porting Material I). The threefold degenerate point consists
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Figure 1 (Color online) Bulk band structures and surface arcs of the spin-
1 WPs for the lattice model. (a) Schematic of the unit cell and ribbon.
Upper panel: red, yellow, and blue spheres denote A, B, and C lattices in a
unit cell. Lower panel: ribbon for calculating the surface-state dispersions.
Two different opposite surfaces are marked as N and H surfaces, respec-
tively. (b) Left panel: the first BZ of the system. The green and purple
spheres represent spin-1 WPs with topological charges (2,0,-2) and
(—2,0,2), respectively. Right panel: the Chern numbers of the three bands as
a function of £.. (c), (d) The 3D bulk band structures with k£.=0 and k,=n/a.
(e), () The surface arcs between the first and second bands for £=—0.3 on
the N and H surfaces, respectively. The coupling parameters are taken to 7=
—1 and £.=-0.3.

of two linear dispersions and an additional flat band in all
momentum directions, as revealed in Figure 1(c) and (d). To
explore the underlying physics of the threefold degenerate
points, their low-energy effective excitations were developed
to reveal their possession of the form keS, where S is the
vector of the spin-1 matrix representing the sub-lattice
pseudospin, as described in Supporting Material II. These
threefold degenerate points are spin-1 WPs, since they are
spin-1 generalizations of WPs. The emergence of spin-1
WPs can be interpreted as follows: the single layer, as a Lieb
lattice, can support a two-dimensional (2D) threefold de-
generate point at (k,, k,)=(/a, n/a) with a Hamiltonian in the
form of k,S,+k,S,; meanwhile, the chiral interlayer coupling
contributes to the third term of the Hamiltonian £.S, near £,=0
or m/h to generate the spin-1 WPs.

Next, the topological properties of the system were stu-
died. The monopole charges of the spin-1 WPs were calcu-
lated to obtain Cy=(2,0,-2) and Cz=(-2,0, 2) (Supporting
Material III). The spin-1 WPs behave as monopoles of the
Berry flux in momentum space, which are twice those of the
WPs with spin-1/2. By considering k, as a parameter, the
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Chern numbers C(k,) of the three bands were plotted in the
right panel of Figure 1(b). Supporting Material IV contains a
more complete phase diagram. The monopole charges of the
spin-1 WPs are consistent with the k.-dependent Chern
numbers C(k,); for instance, the charge for the first band at M
is C(k=0")—C(k=0)=2. In this study’s structure, there are
two types of surfaces corresponding to two different surface
cuts, as illustrated by the right and left sides of the bottom
panel in Figure 1(a). The hollow (H) surface is one of those;
its termination has a hollow concave, while the normal (N)
surface has a normal flat termination. After selecting the
open boundaries in the x-direction, the surface arcs between
the first and second bands on the N and H surfaces were
plotted, as shown in Figure 1(e) and (f), respectively. Be-
cause of the C, symmetry, the dispersions on the ZX surface
are the same as the above results on the YZ surface. Two
surface arcs connect the projections of two oppositely
charged spin-1 WPs, coexisting with the bulk states of the
second band near the spin-1 WPs. The surface arcs between
the second and third bands and the surface-state dispersions
are displayed in Supporting Material V. The double surface
arcs, which both exist between the first and second bands and
between the second and third bands, provide solid evidence
for the topological charges of the spin-1 WPs. An illustration
of the surface arcs of the spin-1 WPs is contained in Sup-
porting Material VI.

3.2 Acoustic spin-1 Weyl points

Next is a consideration of a real PC for realizing the spin-1
Weyl semimetal for acoustic waves. As Figure 2(a) reveals,
the PC sample is a layer-stacking structure fabricated by 3D
printing. The unit cell, shown in Figure 2(b), contains three
tube-linked non-equivalent cavities; the gray areas represent
rigid boundaries, and the green areas denote periodic
boundaries. The cavities can be generally viewed as the
lattice sites, while the tubes provide the hopping parameters.
The intralayer tubes are set to be the same size to produce
equal couplings in the xy plane, which corresponds to the
Lieb lattice. The interlayer tubes are chiral to connect the
different cavities, which induces an effective gauge flux [7].

The structure possesses the P4 (No. 75) and time-reversal
symmetries, which do not have 3D irreducible representa-
tions at the high symmetry points. Therefore, the induction of
the spin-1 WPs is only possible by the accidental degen-
eration of one-dimensional and 2D irreducible representa-
tions at both M and R. The size /, of one cavity is adjusted
and different to the size /; of the other cavities (Supporting
Material VII). At M, if /, is smaller than 3 mm, the frequency
of the double-degenerate state is higher than that of the single
state; if /, is larger than 3 mm, the frequency of the double-
degenerate state is lower than that of the single state. The
band inversion of the single state and the double degenerate
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Figure 2 (Color online) Experimental demonstration of the bulk band
structures of the spin-1 WPs in the PC. (a) Photos of the 3D sample and (b)
unit cell of the PC. Here, ¢=20 mm, A=8 mm, /;=3.5 mm, /,=3 mm, /;=1.6
mm, and ¢=2.72 mm. The periodic boundaries are applied in the x-, y-, and
z-directions. The gray areas represent hard boundaries. (c)-(f) The bulk
band structures of the three lowest modes in k=0, k.=0.5n/h, k.=n/h and
along the k., direction. The color maps represent the experimental data, and
the white circles represent the full-wave simulation results.

state with different /, guarantee the existence of a threefold
degenerate state for /,=3 mm. Essentially, spin-1 WPs are
easily generated by accidental degeneracy in real PCs since
the acoustic sample is closely a one-to-one mapping of the
tight-binding model in which cavities map to atoms and
tubes map to bonds. The existence of spin-1 WPs guarantees
the uniformity of the Hamiltonian’s on-site energies.
Therefore, the real PC can be well modeled by the tight-
binding Hamiltonian (Supporting Material VIII).

To confirm the existence of the pair of acoustic spin-1 WPs
illustrated in Figure 1(b), the 2D band structures for fixed
k=0 and k=n/h were calculated and measured, as shown in
Figures 2(c) and (e), respectively. The color maps represent
the experimental dispersions expressed in terms of the
average intensity of the Bloch states, while the white circles
represent the simulated values obtained from full-wave si-
mulations (see Methodology of simulations and experi-
ments). Threefold degenerate points at the M and R points
are clearly observed at approximately the same frequency of
7.5 kHz. In Figure 2(c), multiple reflections by the surfaces
of the finite sample may cause the finer structure near the I’
point below the second band. In Figure 2(d), the dispersion
on the plane k,=0.5n/h opens two gaps between the three
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bands at the M point due to effective time-reversal symmetry
breaking by the synthetic gauge flux. The simulated and
experimental results for the band dispersions along the £,
direction are shown in Figure 2(f), which correspond to the
band structure in Figure 1(d). It is evident that the dispersions
near the threefold degenerate points are the crossings of two
linear bands and an additional flat band. This clearly in-
dicates that the two threefold degenerate points are spin-1
WPs in the 3D band structure.

3.3 Acoustic surface arc waves

Theoretical studies predict that the non-zero Chern numbers
C(k.) can lead to a pair of gapless surface states for a ribbon
structure. Experimentally, surface-state dispersions can be
obtained by measuring and Fourier transforming the surface
acoustic fields, which are shown in Supporting Material IX.
Given that k£, =0.5n/h, the surface-state dispersions along the
k, direction are plotted in Figure 3(a) and (b) for the N and H
surfaces, respectively. Surface-state dispersions are observed
between the first and second bands and between the second
and third bands, which result from the same topology for
C(k,)=0 of the second band. Compared with the dispersions
of surface state in the tight-binding model, it is evident that
the PC results are consistent with the tight-binding model.

N surface
H surface

'z

0.5n/h
Frequency (kHz)

K

=7 kHz
K, (xlh)

=9 kHz

k, (n/a)

Figure 3 (Color online) Surface-state dispersions and acoustic surface
arcs. The top image is a schematic of the ribbon for full-wave simulations
of surface-state dispersions and surface arcs. (a), (b) The dispersions of the
surface state with fixed k£,=0.5n/h on the N and H surfaces. (c)-(f) The equi-
frequency contours of the surface state at fixed frequencies of /=7 kHz and
/=9 kHz on the N and H surfaces, respectively. The color maps denote the
experimental data, and the white dashed and black lines represent the
calculated dispersions of the surface state and projected bulk state, re-
spectively.
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For a given excitation frequency, the surface states in the
PC will mark out trajectories to connect the two oppositely
charged spin-1 WPs and form surface arcs. The surface arcs
between the first and second bands on the N and H surfaces
at /=7 kHz are shown in Figure 3(c) and (d), respectively.
The surface arcs connecting the pair of spin-1 WPs exhibit
two branches and exist in k_ € (0,7/h) and k_ € (—7/ h,0).
Additionally, the surface arcs near the spin-1 WPs merge
with the projections of the bulk states, which is consistent
with the theoretical results presented in Figure 1(e) and (f).
Similar features of surface arcs at /=9 kHz are also observed
between the second and third bands, as shown in Figure 3(e)
and (f). The topological charges of the spin-1 WPs were
wholly verified by the double surface arcs observed between
the first and second bands and between the second and third
bands. Of note are the rigid wall boundary conditions in the
simulations and experiments. Tuning the distance between
the sample and wall alters the configurations of the surface
dispersions and the Fermi arcs. However, the surface states
must connect the bulk bands and be gapless in the bulk gaps,
which are guaranteed by the k.-dependent Chern numbers.
Correspondingly, the double Fermi arcs should both exist
between the first and second bands and between the second
and third bands, connecting the pair of spin-1 WPs.

3.4 Topological reflection-free propagations

Surface arcs with a non-closed nature can produce intriguing
topological phenomena, including anomalous quantum os-
cillations [32,33], the 3D quantum Hall effect [34,35], and
topological negative refraction [36]. Figure 4 presents two
experiments visualizing unusual topological reflection-free
propagations of surface arc waves. The first experiment de-
monstrates the robust propagation of the surface arc wave
against the multiple joints of adjacent facets, as shown in
Figure 4(a) and (b). The second investigation displays the
topological negative refraction, as shown in Figure 4(c)-(e).
This phenomenon has also been observed in 2D valley Hall
insulators [37,38]. It is evident that the propagation of the
surface arc waves along the boundary only occurs in an
anticlockwise manner; they do not reflect or scatter due to
the configuration of the non-closed surface arc (Figure 4(d)).
The measured fields in Figure 4(b) and (e) resemble the
interference pattern result from the field variation in a unit
cell rather than the interference between the incident and
reflection waves. It is worth highlighting that these topolo-
gical propagations can occur at the frequencies not only
between the first and second bands but also between the
second and third bands, as shown in Supporting Material X.
The attenuations of the surface arc waves during propagation
due to the absorption of air and the decaying behaviors of the
surface arc waves along the perpendicular direction are
shown in Supporting Material XI.
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Figure 4 (Color online) Experimental topological reflection-free propa-
gations of acoustic surface arc waves. (a) Schematic of a sample with the
multiple joints of adjacent facets on the N surface. (b) Experimental robust
propagation of the surface arc wave through the multiple joints of adjacent
facets. (c) Schematic of the topological negative refraction at the interface
between the N and H surfaces. (d) Group velocities (red and blue arrows) of
the surface arc waves of the N and H surfaces. The non-closed properties of
the surface arcs guarantee reflection immunity. (e) Experimental observa-
tion of topological negative refraction. In both wave propagation experi-
ments, the field distributions were measured at a frequency of /=7 kHz. The
red stars denote the position of excitation, and the arrows represent the
directions of propagation.

4 Conclusions

This study realized an acoustic spin-1 Weyl semimetal,
which creates the basis for the exploration of new topological
physics in acoustics [7,8,36-42] besides spin-1/2 Weyl
semimetals. Unlike the acoustic system that hosts a spin-1
WP coexisting with a fourfold point [30], the structure in this
study possesses the pure spin-1 WPs. This is referred to as a
real spin-1 Weyl semimetal, in which the topological charges
are completely demonstrated. Therefore, this study’s system
is crucial for exploring the topological properties of spin-1
WPs, including the surface arc states and chiral anomaly
[13]. The robust propagation against the multiple joints of
adjacent facets and topological negative refraction of surface
arc waves may offer a basis for designing innovative acoustic
devices. The flat bands of spin-1 WPs may be used to lo-
calize or freeze acoustic waves [43-45] and enhance local
fields [46-48] because of their slow group velocities and high
densities of state. Moreover, the layer-stacking method in
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this study can extend to other periodic structures, including
electronic, photonic, and cold atom systems. Finally, in this
spin-1 Weyl semimetal, the chiral Landau levels induced by a
pseudo-magnetic field are of significant interest and can be
implemented via inhomogeneous potentials [42].
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