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Antichirality Emergent in Type-II Weyl Phononic Crystals
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Chiral anomaly as the hallmark feature lies in the heart of the researches for Weyl semimetal. It is rooted
in the zeroth Landau level of the system with an applied magnetic field. Chirality or antichirality
characterizes the propagation property of the one-way zeroth Landau level mode, and antichirality means
an opposite group velocity compared to the case of chirality. Chirality is commonly observed for Weyl
semimetals. Interestingly, the type-II Weyl point, with the overtilted dispersion, may flip the chirality to the
antichirality, which, however, is yet to be evidenced despite numerous previous experimental efforts. Here,
we implement the type-II Weyl point in sonic crystals, and by creating the pseudomagnetic fields with
geometric deformation, the chirality flip of zeroth Landau levels is unambiguously demonstrated. Our
Letter unveils the novel antichiral transport in the presence of time-reversal symmetry, and paves the way
toward the state-of-the-art manipulation of sound waves.
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The discovery of topological semimetals builds a new
bridge between particle physics and condensed-matter phys-
ics [1,2]. A typical example is Weyl semimetal, which
possesses twofold linear crossing points in three-dimen-
sional (3D) momentum space known as Weyl points (WPs)
[3]. The low excitation around the WP is described by the
Weyl equation, and thus behaves as the Weyl quasiparticle,
similar to the relativistic spin-1/2 fermion in quantum field
theory [4]. The WP carries topological charge +1 or —1,
supporting the Fermi-arc dispersion on the surface [5—7] and
the chiral zeroth Landau level (LL) under a strong magnetic
field [8,9]. Unlike the other LLs with parabolic dispersions,
the zeroth one is the linear dispersion near the WP along the
direction of the magnetic field, whose slope (group velocity)
is related with the topological charge of WP [9]. While
adding an electric field parallel to the magnetic field, the
Weyl quasiparticle is pumped between the WPs with
opposite charges through the zeroth LL, giving rise to
nonconservation of chiral currents, i.e., chiral anomaly
[10,11]. Both the chiral zeroth LL [12,13] and the negative
magnetoresistance induced by chiral anomaly [14—16] have
recently been observed in experiments.

Without the limitation of the Lorentz symmetry, the
excitations in topological semimetals have new physical
phenomena, such as the type-II WP [17] and spin-1 WP
[18], beyond the analogs of particle physics. The type-II
WP has an overtilted dispersion (Fig. 1) and possesses a
conical Fermi surface, different from the normal WP, as the
type-I WP, with a pointlike Fermi surface [17]. The
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overtilted feature of type-II WP may flip the direction of
group velocity of the zeroth LL near the WP, while the
charge of the associated WP is not changed [19-21]. It is
called that as the antichiral zeroth LL, which displays an
S-like shaped dispersion in a larger wave vector range [20].
Until now, it is not clear whether the antichiral property of
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FIG. 1. (a) Chiral zeroth LLs (lower panel) for the type-I WP
(upper panel). The red dot represents the positive charged WP.
The red (blue) curve denotes the zeroth LL with the magnetic
field antiparallel (parallel) to the wave vector k,, and the gray
curves denoted the other LLs. (b) Critical zeroth LLs for the
critical WP. One of the LLs (red curve) has zero group velocity
near the WP. (c) Antichiral zeroth LLs for the type-II WP. The
antichiral LL (red curve) possesses an S-like shaped dispersion in
a wide wave vector range. Because of the overtilted dispersion of
type-1I WP, the group velocity of the LL (red curve) near the WP
flips from negative to positive, although topological charge of
WP and the direction of the magnetic field are unchanged.
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the zeroth LL can generate reliable measurable signals in
transport experiments [21]. Meanwhile, the antichiral LL,
originating from the overtilted dispersion of WP, is chal-
lenging to be distinguished from other LLs in the spectrum
measurement [22]. Therefore, although numerous exper-
imental efforts on type-II Weyl physics [23-30], the
antichiral LL has not been demonstrated in reality.

Sonic crystals (SCs), benefited from the macroscopic
scale that can be designed and tuned freely, have recently
become an ideal platform for studying abundant topologi-
cal physics [31-36]. Specifically, the type-1 Weyl SCs with
pseudomagnetic field (PMF) have been experimentally
observed [33,34]. In this Letter, we realize a PMF in a
type-II. Weyl SC, and evidently observe the antichiral
zeroth LL. Different from the real magnetic field, the
PMF is generated by a gradient structure change in space,
and thus does not break the time-reversal symmetry [37].
We accurately construct the gradient deformed scatterers in
an ideal type-II Weyl SC, and achieve a uniform PMF along
the tilt direction of the WP. We then observe the dispersions
of the antichiral zeroth LLs, together with the sublattice
polarization in such a gradient type-II Weyl SC. Both the
theoretical calculations and experimental observations
consistently verify the antichiral zeroth LLs.

To illustrate the mechanism of the antichiral zeroth LLs,
we start from an effective Hamiltonian of the WP, which is
tilted along the z direction and given by [36]

0H\ = vyok, + v,0k,0, + v,6ky0, + v,6k.6,, (1)

where 6k is the momentum deviation from the WP, ¢ are the
Pauli matrices, v, . and v, are the quantities related to the
group velocities. The WP is type I for |vy/v,| < 1, critical
for |vy/v,| = 1, and type-II for |vy/v,| > 1. The topologi-
cal charge of the WP is y = sgn(v,v,v,). When consid-
ering a magnetic field along the z direction with
B = (0,0, B), the Hamiltonian can be written to

6H = vyok, + v,(6k, + By)o, + v,0k,0o, + v.6k.0., (2)

in which the electron charge is taken to be 1. The zeroth LL
spectrum is derived as

erro = vodk, + x|v.[sgn(B)dk., (3)

and its group velocity is obtained by v; ;o = de;;/06k, =
vy + x|v.|sgn(B). The latter term of the group velocity can
be defined as v;;, = y|v,|sgn(B), which indicates that the
zeroth LL is chiral without the tilted effect. When v; ;, and
vy, have different signs, the zeroth LL is antichiral,
owning to the v, term originating from the overtilted
dispersion. So the group velocity is the evidence of the
chiral or antichiral zeroth Landau levels. The eigenvector of
the zeroth LL is polarized with the form y; ;o = (¢, 0)7 for

sgn(v,vyB) =1 and (0,¢)" for sgn(v,v,B) = —1, where
@ is the normalized wave function.

As a concrete example, Fig. 1 shows the projected bulk
spectra (upper panels) and corresponding LLs (lower
panels) for the WPs with positive charge y =1 (red
dot). The parameters are chosen to vy = 0 for the type-I
WP [Fig. 1(a)], vg = v, for the critical WP [Fig. 1(b)],
vy > v, for the type-II WP [Fig. 1(¢)], and v, > 0 in all
three cases. The zeroth LLs (red and blue curves) are
satisfied by the &;;, expression of Eq. (3). When the
magnetic field is along the positive direction, v;;, = v, and
vrro = Vo + v, > 0 (blue curves). Since v;;, and v,
have the same signs, the zeroth LLs for all the three types of
WPs are chiral. For the magnetic field along the negative
direction, v;;, = —v, and v, ;o = vy — v, (red curves). In
this case, the velocity of the zeroth LL is negative for the
type-I WP, zeroth for the critical WP, but positive for the
type-II WP. Therefore, v;;, and v;;, have different signs
for the type-1I WP. The overtilted dispersion of type-1I WP
flips the direction of group velocity of the zeroth LL near
the WP from negative to positive, which means the zeroth
LL turns from chirality to antichirality. This so-called
antichiral zeroth LL displays an S-like shaped dispersion
in a larger wave vector range.

The antichiral zeroth LL for the type-II WP can be
realized in the Weyl SCs with PMF constructed by the
gradient deformed scatterers. The SC is a layer-stacked 3D
structure with the unit cell shown in Fig. 2(a). The lattice
constant in the x-y plane is @ = v/3 cm and along the z
direction is & = 0.5a. A triangular scatterer with side
length [, = 0.606a locates at the center of each unit cell
and is sandwiched between plates with a thickness of 0.1a.
The unit cell in each layer forms a honeycomb lattice with
two inequivalent sublattices labeled as A and B. The
scatterer’s side along the y direction is adjustable, by a
parameter 7, and is originally equal to the other two sides.
Specifically, # > 1.0 and < 1.0 correspond to the stretch-
ing and compression of the triangular scatterers, respec-
tively. The interlayer couplings are introduced by two holes
penetrated in the plate with radii r, = 0.1a and r;, = 0.2a.

Within this structure of # = 1.0, the first and the second
bands touch at specific WPs distributing in the first
Brillouin zone, denoted by the dots K/H and K'/H' in
Fig. 2(b). Taking WP at the K point with coordinates
(—4r/3a,0,0.1287/h) as an example, it is a type-II WP
featured by the tilted dispersions along the k_ direction as
shown in the left panel of Fig. 2(c). Based on a k- p
perturbation theory, the WP can be characterized by an
effective Hamiltonian (see Supplemental Material, Sec. I
[38]) as given in Eq. (1), where the Pauli matrices represent
sublattice (A and B) degree of freedom, and the parameters
vg, and v, ,, - can be obtained by calculating inner products of
an operator p = —i(2p~'V + Vp~1) (where p is the density
of air and V denotes the gradient operator). In a basis of the
two states, with their simulated pressure field distributions
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FIG. 2. (a) Side (left panel) and top (right panel) views of the
unit cell, where # is the adjustable parameter to introducing
deformation. (b) First Brillouin zone. The dots in red (blue) colors
represent the WPs with topological charges +1 (—1). The arrows
indicate the shift direction of the WPs. (c) Left panel: Bulk band
structures along the k, direction at (k,,k,) = (—4z/3a,0) and
along the k, directions (inset) near the K point. The red lines are
the band structures predicted by corresponding effective Ham-
iltonians. Right panel: Pressure field distributions of two degen-
erate Bloch states. (d) WP shifts along the k, direction forz = 0.8
and 1.2. (e) Left and middle panels: Realization of PMF with
gradient structure which is implemented through the variation of
n along the y direction (red circles). Right panel: Location shifts
with respect to y for WPs near the K/H and K'/H’' points
(squares and triangles).

shown in the right panel of Fig. 2(c), the nonzero independent
components of p are p,y; = 0.14cfy, p,n = 028cfy,
and p,.;» = (0.59 — i0.87)cfy . Taking the frequency of WP
fw = 11.03 kHz and the sound velocity ¢ = 343 m/s, the
parameters are estimated as vy = (p,11 + P.22)/2fw =
0.2lc, vy = |py12l/2fw =0.53¢, vy =—v, and v, =
(Pe11 — P222)/2fw = —0.07c. The effectiveness of the
Hamiltonian can be verified by comparing the simulated
and derived bulk dispersions around the K point, which are
denoted by black curves and red lines in Fig. 2(c), respec-
tively. The derived slopes of the red lines are +v, =~ +0.53¢
along the x direction, and vy + v, = 0.14¢ and 0.28¢ along
the z direction, which agree well with the simulated results.

The WP at the K point can be demonstrated, from its
effective Hamiltonian, to carry a topological charge y =
—sgn(v,) = +1 for the first band. The charges of the other

three type-II WPs can be determined by the crystalline
symmetries of the SC. The WPs at K and H' are related by
time-reversal symmetry and have the same charge +1,
while the WPs at K’ and H are the mirror images of the
above ones and have opposite charge —1. Protected by
these symmetries, the SC is an ideal type-II WP system,
where all the WPs emerge at the same frequency of
11.02 kHz. When # deviates from 1.0, the type-II WPs
will not disappear but moving along the k, direction and
carry the same charges. For WP originally at the K point, as
shown in the right panel of Fig. 2(d), its location shifts
forward and backward for the cases of = 1.2 and = 0.8,
respectively. The location shifts for the other three WPs are
illustrated in Fig. 2(b), where the arrows denote shift
directions as # increseas.

The key to generating artificial PMF is to construct a
gradient Weyl SC with a nonuniform pseudovector poten-
tial A(x,y, z). The pseudovector potential enters the effec-
tive Hamiltonian by taking the replacement 6k — 6k — A.
In our design, since the parameter # can shift the WP along
the k, direction, the pseudovector potential can be realized
by forcing specific movement of the WPs for different part
of the SC. A practice scheme is to adopt the Landau gauge
and elaborate the structure with gradually deformed scat-
terers arranged along the y direction. By linearly tuning 7
along the y direction (from 0.8 to 1.2), as illustrated by the
red circles in Fig. 2(e), the WPs show good linear shifts
with respect to their original positions. In this way, the
pseudovector potential reads A = (—By,0,0) and an arti-
ficial PMF is established. The PMF is proportional to the
structural deformation according to B =V x A. For the
WP near the K point, the magnitude of the PMF is

0.047/ a2. Meanwhile, the WP near the H point is subject
to the same PMF, while for the WPs near the K’ and H’
points, the synthetic PMFs are of the same magnitude but
opposite direction.

Under the PMF, the energy spectra around the WPs split
into a series of discrete LLs. In type-1I Weyl systems, since
the group velocities are overflipped, the associated zeroth
LLs have characteristic antichiral properties and a specific
S-like profile. For the WP near the K point, the PMF is
oriented to the —z direction, i.e., B = —0.047a~2 < 0, the
effective Hamiltonian is described by Eq. (2), and the
spectrum of the zeroth LL given by Eq. (3) is €, =
(vo + v,)6k, with group velocity vy ;0 = vy + v, = 0.14¢
and v;;, = v, = —0.07c. Therefore, the overtilted term v
flips the group velocity from negative (v; ;. <0) to
positive (v;;¢ > 0), turning the chiral zeroth LL to the
antichiral one. The zeroth LLs for the H, K’, and H’ points
have the negative, positive, and negative group velocities,
respectively. They are antichiral as well, since their
velocities vy ;o and v; ;. have different signs, as discussed
in Supplemental Material, Sec. I [38]. This feature is unique
for the PMF without breaking the time-reversal symmetry
of the system, in which the PMFs for the K and H points
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FIG. 3. (a)Photo of the sample. The white region represents the
gradient type-II Weyl phononic crystal, and the light blue regions
denote the cladding structures. (b) Projected surface Brillouin
zone in the k,-k, plane. (c), (d), (e), and (f) projected dispersions
of the LLs near the WPs K, H, K', and H'. The colored maps
denote the magnitudes of experimental Fourier spectra and the
lines are the simulated results. The white arrows denote the
directions of the PMFs.

have the opposite direction to the ones for the K’ and H’
points.

In experiment, we fabricate the sample through 3D
printing, as shown in Fig. 3(a). The sample contains the
gradient type-II Weyl SC (white region) and the cladding
structures (light blue region). It has 31 layers along the z
direction and 20 x 21 unit cells in the x-y plane. The
gradient deformation of the scatterers is along the y
direction and induces the PMFs along the z direction. To
avoid the coupling of the surface states and the bulk states
of zeroth LLs in the finite stripe, the cladding structures are
added on both ends of the gradient structure, giving rise to
boundary potentials to remove the Fermi-arc surface states
(see Supplemental Material, Sec. II [38]). We can obtain the
projected dispersion with LLs as functions of k, and k.. The
projected surface Brillouin zone is depicted in Fig. 3(b),
where K, K', H, and H' are the positions of the projected WPs
with topological charge +1 (red dot) and —1 (blue dot).

To show the zeroth LL directly, we plot the projected
dispersion as a function of k, for a fixed k, crossing the
projected WP. Figure 3(c) shows the LLs crossing the
projected WP H with topological charge —1 for
k., =2r/3a. The red line is the calculated zeroth LL,
while the white lines are the other LLs. The group velocity

(a) Experiment Simulation

= 1_1-_52_‘§HZ. T

v (a)

FIG. 4. (a) and (b) Measure (left panel) and simulated (right
panel) acoustic intensity distributions at the frequencies of 11.52
and 11.07 kHz (with k, = 0.5z/h) corresponding to zeroth and
the other LL, respectively. Blue (red) spheres denote the positions
of A (B) sublattice and the sizes represent the normalized
intensity of the acoustic field.

of the zeroth LL v;;, is negative in the presence of the
charge —1 of WP and the —z direction of PMF, while v
is positive in the type-I Weyl system since v, = 0, thus the
zeroth LL is antichiral as predicted. In experiment, we put
the source on the top center of the sample, and acquire the
3D acoustic pressure fields through the automatic scanning
platform with small probe (diameter less than 3 mm). The
colored maps denote the measured results, in which the
antichiral zeroth LL is well consistent with the simulated
one. Similarly, the simulated and measured results of the
antichiral zeroth LL near the projected WP K are shown in
Fig. 3(d), in which the source is put on the bottom center of
the sample in experiment due to the positive group velocity of
the zeroth LL. The zeroth LLs for the projected WPs K’ and
H' are also demonstrated, as shown in Figs. 3(e) and 3(f),
respectively. In addition, we can flip the directions of the
PMFs by reversing the deformation of the scatterers, pro-
ducing the chiral zeroth LLs for all the WPs simultaneously
(see Supplemental Material, Sec. II [38]).

Owning to sgn(v,v,B) =1 for all the four WPs, the
eigenvectors of the zeroth LLs are all polarized at the A
sublattice of the SC. To demonstrate the pressure field
distributions of the LLs, we utilize a point source to excite
the bulk states, measure the 3D field distributions in the
sample, and then Fourier transform the associated field
distributions in the z direction (see Supplemental Material,
Sec. I [38]). The point source is set at the center of the
bottom surface of the sample to stimulate the bulk states
with positive k, component. At the frequency of 11.52 kHz,
the measured pressure field intensity of the zeroth LL is
shown in Fig. 4(a) (left panel) for k, = 0.5z/h, and the
corresponding simulated result is shown in the right panel.
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The blue and red spheres denote the positions of A and B
sublattices, and their sizes represent the pressure field
intensities. It is seen that both the measured and simulated
results exhibit the exponential decay of the pressure fields
away from the bulk center. More importantly, they mainly
localize at the A sublattice, showing the property of the
sublattice polarization for a fixed k,. It is noted that the
sublattice polarization effect exists for all &, in the zeroth
LL. As a contrast, we simulate and measure the field
distributions of the other LL at the frequency of 11.07 kHz,
as illustrated in Fig. 4(b), which distributes uniformly on
both the A and B sublattices and diffuses in the whole
x-y plane.

In conclusion, we have directly observed the antichiral
zeroth LLs with sublattice polarization in a gradient type-II
Weyl SC, where the uniform acoustic PMF is achieved
through constructing the gradient deformed scatterers. Our
results are also well consistent with a tight-binding model,
as discussed in Supplemental Material, Sec. IV [38]. The
flexible design of PMF in our system provides a special
advantage to explore the LL physics of Weyl semimetals
under the magnetic field, including the LL spectrum
collapses [39] and 3D quantum Hall effect [40,41]. In
addition, the antichiral zeroth LLs can give rise to unidi-
rectional propagation of bulk acoustic waves, enriching the
manipulation of acoustic waves.
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