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Quantum Hall effect, the quantized transport phenomenon of electrons under strong magnetic fields,
remains one of the hottest research topics in condensed matter physics since its discovery in 2D elec-
tronic systems. Recently, as a great advance in the research of quantum Hall effects, the quantum Hall
effect in 3D systems, despite its big challenge, has been achieved in the bulk ZrTes and Cds;As;, materials.
Interestingly, CdsAs; is a Weyl semimetal, and quantum Hall effect is hosted by the Fermi arc states on
opposite surfaces via the Weyl nodes of the bulk, and induced by the unique edge states on the bound-
aries of the opposite surfaces. However, such intriguing edge state distribution has not yet been experi-
mentally observed. Here, we aim to reveal experimentally the unusual edge states of Fermi arcs in
acoustic Weyl system with the aid of pseudo-magnetic field. Benefiting from the macroscopic nature
of acoustic crystals, the pseudo-magnetic field is introduced by elaborately designed the gradient on-
site energy, and the edge states of Fermi arcs on the boundaries of the opposite surfaces are unambigu-
ously demonstrated in experiments. Our system serves as an ideal and highly tunable platform to explore
the Hall physics in 3D system, and has the potential in the application of new acoustic devices.
© 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.
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1. Introduction

Quantum Hall effect (QHE), observed in the two-dimensional
(2D) electronic gas, is one of the greatest discoveries in the field
of condensed matter physics, and opened the door to topological
physics [1-8]. The quantized electronic transport in QHE roots in
the chiral edge states, which can survive the disorders and impuri-
ties and thus become the core of the research for low-loss devices
[9-11]. With the great success in the understanding of the 2D QHE,
a fundamental and important question is raised: can this effect be
found in 3D materials? For the 3D electron gases, QHE is commonly
considered to be forbidden, since the Landau levels extend to
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bands due to the additional degree of freedom in the direction of
the magnetic field, preventing the opening of the bulk gap. Despite
tremendous effort by predecessors [12-17], the existence of 3D
QHE remains elusive.

Recently, some pioneering experiments that capture the signa-
ture of 3D QHE have been reported [18-22]. One of them is based
on the Weyl semimetals [22,23]. The Weyl semimetals host bulk
bands touching at the discrete points, which have nonzero Berry
curvatures and are dubbed Weyl points [24-26]. The most salient
feature of Weyl semimetals is the existence of the Fermi arcs on
two opposite surfaces, which can form a closed Fermi loop assisted
by a pair of Weyl points of opposite charges. Under the external
magnetic field, the Fermi loop becomes the Landau plateaus which
deform near the boundaries of the surfaces, resulting in the 1D
edge states. In contrast to 2D case, it is fascinating that the edge
states of 3D QHE in topological semimetals are located at two diag-
onal hinges (boundaries of surface). Their positions switch to the
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other two diagonal hinges when the magnetic field is reversed
[23,27-30]. However, these edge states have not yet been directly
observed experimentally.

In this work, we experimentally observe the edge states of 3D
QHE based on acoustic crystals (ACs), which are the artificial peri-
odical structure with frequency bands in reciprocal space for
acoustic waves. Benefiting from the macroscopic nature, the ACs
have been demonstrated to be ideal platforms for observing vari-
ous exotic states in topological physics [31-35]. As the magnetic
field has no effect on acoustic waves, a counterpart, referred to
as the pseudo-magnetic field (PMF), has to be constructed with
an effect on acoustic waves similar to that of the magnetic field
on electrons. A common strategy for constructing the PMF for
acoustic waves is to introduce the structural gradient [36,37],
and as such the acoustic QHE in 2D systems [38-42] and acoustic
chiral Landau levels in 3D Weyl systems [41,42] have all been
observed. Here, we design an acoustic Weyl semimetal by stacking
the hexagonal lattice. By introducing a structural gradient along an
armchair direction in the hexagonal plane, a uniform PMF with
direction parallel to the plane is created. Specially, the PMF is
perpendicular to the Fermi arcs on the opposite side surfaces so
that the Landau plateaus can be created for both the bulk and
the arc surface states. The surface Landau levels give rise to the
unique edge states, which is the signal of 3D QHE in the acoustic
Weyl semimetal. The theoretical, simulated, and experimental
results are in good agreement.
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2. Theoretical model

Fig. 1a shows a schematic of an A-A stacking hexagonal lattice
along the z direction. The hexagonal lattice contains two sites A
(red sphere) and B (blue sphere) with the opposite on-site energies
+¢, and possesses the nearest-neighbor hopping t; (gray tube) and
next-nearest-neighbor hopping t, (yellow tube). For two adjacent
layers, they are connected by the interlayer hoppings t, (red tube)
and t, (blue tube). The lattice constants in the x-y plane and along
the z direction are a and h, respectively. This stacking structure
with t,t, <0 is identified as an ideal type-I Weyl semimetal,

hosting four Weyl points at ki(4n/3a,0,ikw/h) and their

time-reversal counterparts K'.(—4m/3a,0,+kw/h), with ky =
arccos [¢/(tp — tq)] (see Supplementary materials Section 1). The
eigenvalues of Weyl points are €y = (tq + tp)&/(t, — ta) — 3t2. These
Weyl points induce nontrivial surface bands in the k,-k, plane,
whose equi-energy contours form the open Fermi arcs connecting

the projection of K, and K’, (K_ and K’_) on the front and back sur-
faces (see Supplementary materials Section 2).

When energy is at the Weyl points (E = €), the open Fermi arcs
on different surfaces can be connected with the assistance of Weyl
points with the opposite charges, forming the closed Fermi loop
[23,27]. In the electronic materials, when the Fermi loop is dis-
turbed by external magnetic fields, the 3D QHE is generated
[22,23,27-30]. However, sound cannot respond to the external
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Fig. 1. (Color online) Pseudo-magnetic field induced by the inhomogeneous structure. (a) Schematics of the A-A stacking hexagonal lattice. (b) First Brillouin zone and the
distribution of the Weyl points. The Weyl points hosting opposite topological charges are denoted by the hollow and solid circles, and the arrows show their shifts along the
+k, directions by changing the on-site energies of A and B. (c) The equi-energy contours of the surface states at the energy of Weyl points (E = 0.3) with different on-site
energies. The yellow and green curves represent respectively the Fermi arcs in front and back surfaces when the Weyl points are located at k;h/m = 0.3, 0.4, 0.5, 0.6 and 0.7.
The arrow indicates the shifting direction of the Fermi arcs. (d) Inhomogeneous configuration with gradient on-site energy along the x' direction. The plotted parameters in (c)
are chosen as t; = -1, t; = -0.1, t, = 0.8, t, = —0.8 and y = 0.01 in arbitrary unit (a.u.).
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magnetic fields, so we have to construct PMF by engineering the
structures [37-45].
Note that when the on-site energy ¢ increased, the pair of Weyl

points Ih and IE’+ (k _and IE’,) move along the positive (negative)
k, directions as shown in Fig. 1b. Meanwhile, the Fermi arcs con-

necting the projection of K, and K’, (K_ and K'_) on the front
and back surfaces also have the same movement trajectory as
these Weyl points, monotonically shifting along the k, direction,
as shown in Fig. 1c. This means that we can realize the PMF by
introducing gradient on-site energy [46]. As shown in Fig. 1d, the
gradient of the on-site energy is along the x’ direction (30" with
respect to the x direction) and assumed as &, = ¢(1 + x’), with y
being the structural parameter. Specifically, near the Weyl points

K, and K, the PMF B = ¢)/[(t, — ty)hsin(kw)]e,, where e, is a unit
vector along the y’ direction (see Supplementary materials Sec-
tion 3), induces the valley dependent chiral Landau level with
the opposite group velocity direction, as shown in Fig. 2a and b.

For the Weyl points K_ and K’_, both the charges and the direction
of pseudo-magnetic field are reversed, leading to the same chiral

Landau levels as I@ and I€'+.
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Since the PMF has the component which is perpendicular to the
Fermi arcs on the opposite side surfaces, the mentioned Fermi loop
that is composed of Fermi arcs and Weyl points splits hence into
the discrete Landau plateaus. To elucidate this, we choose a finite
parallelogram-shaped structure in the x-y plane and present the
projected dispersion along the k, direction, as shown in Fig. 2c. It
indicates that these discrete Landau plateaus exist in the gap of
+1 st Landau levels (gray regions in Fig. 2a and b) of the bulk. In
contrast to the traditional 2D QHE whose Landau plateaus are
localized in the bulk, here the Landau plateaus are created for both
the bulk and the arc surface states (see Supplementary materials
Section 5). At the boundary of the surfaces, the Landau plateaus
deform and then induce the edge states localized on the diagonal
hinges, which is the signature of 3D QHE [20,21]. In Fig. 2d, we plot
spatial distributions of the edge states marked by the red and blue
dots in Fig. 2c. This figure shows that on the front (back) surface,
the edge states distribute in the left (right) side. Noted that the
projected dispersion is dependent on the shape of the plate struc-
ture. For example, by choosing a rectangular plate structure, the
projected dispersion changed (as discussed in Supplementary
materials Section 5) and different from the case of parallelogram-
shaped structure, but the hinge states are still exist.
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Fig. 2. (Color online) Edge states of 3D quantum Hall effect induced by pseudo-magnetic field. (a), (b) Projected dispersions along the k, direction for k, = 4m/3a (a) and
along the ky, direction for k, = 0.5m/h (b). The red and gray curves denote the chiral Landau levels and other Landau levels. (c) Projected dispersions of a parallelogram-shaped
structure along the k, direction. (d) Wave function distributions of the edge states (red and blue dots in (c)) along the x (top panel) and y’ (bottom panel) directions. Inset:
schematics of the parallelogram-shaped plate structure with thickness 30a (x) and width 15a (y’). The red and blue arrows represent the edge states. The plotted parameters

are same as Fig. 1c.
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3. Results and discussion

To demonstrate experimentally the exotic edge states of
3D QHE, we construct the acoustic Weyl system in an AC based
on the stacked hexagonal lattice with the lattice constants
a =34.64 mm and h = 34.00 mm. The side and top views of the
unit cell are shown in Fig. 3a. The hexagonal lattice consists of
two cylindrical cavities (marked A and B) connected by the intra-
and inter-layer square tubes. For cavity A, the cylinders (red
region) with diameter s = 9.00 mm and height d; = 0.60 mm are
added on the top and bottom surfaces, while for cavity B, the other
cylinders (blue region) with different height d, = 0.50 mm are
subtracted from cavity B. More detailed parameters are shown in
Supplementary materials Section 6. Based on the simulation by
the COMSOL Multiphysics, this acoustic system hosts four Weyl
points (+471/3a,0,+0.187/h) at the frequency of 7.98 kHz, which
is in good agreement with the tight-binding calculation (see Sup-
plementary materials Section 7). To control the shifts of Weyl

(@)
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points along the k, direction, we elaborately design nine distinct
unit cells with different d; and d,, as shown in Table 1. Arranging
these unit cells along the x’ direction, a 3D-printed inhomogeneous
AC is shown in Fig. 3b. This sample is a prism with a height
680.00 mm and the cross section is a rhombus with a side length
311.76 mm.

To confirm the existence of the PMF, we first observe the chiral
Landau level in the inhomogeneous AC. Since the time-reversal and
mirror symmetries of the AC are conserved, here we only focus on
the physics near Weyl point K, for simplicity. A point source is
successively placed at the centers of the 3-rd, 5-th, and 7-th col-
umn on the front surface, marked by the red stars P;, P, and P;
in Fig. 3b. A detector scans respectively the overall acoustic pres-
sure field of the y’-z plane where the point source is located. The
detected signal intensity in the momentum space relies strongly
on the source position, where the local eigen states are strongly
excited. With a discrete Fourier transform along the y’ and z direc-
tions, we obtain the distributions of field amplitude in the momen-
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Fig. 3. (Color online) Acoustic chiral Landau levels. (a) Side (left panel) and top (right panel) views of a unit cell. (b) A photo of the 3D-printed inhomogeneous acoustic crystal
and the red numerals indicate the columns of the sample. The point sources are denoted by the red stars. (c) Measured equi-frequency contours interpreted as Weyl points
with a linear space-dependent shift in the ky,-k, plane at the excitation frequency of 7.98 kHz, when the point source is successively placed at P; (left panel), P, (middle) and
P; (right panel). The intersections of the white dashed-lines in left panel, middle, and right panel represent different positions of the zeroth Landau plateau corresponding to
k.h/m = 0.26, 0.34, and 0.42, respectively. (d) Projected dispersion along the k,, direction for k, = 0.34mw/h. The black hollow circles and gray lines represent the simulated
chiral Landau level and other Landau levels, respectively. The color maps represent the experiment data in the frequency range of 7.95 to 8.15 kHz. (e) Simulated (left panel)
and measured (right panel) acoustic pressure field distributions along the y’ direction for different k, at the frequency of 7.98 kHz.
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Table 1
Values of the geometrical parameters and locations of Weyl points (WPs) for each
unit cell (UC) of the acoustic crystal.

di(mm) dp(mm) WPs
uc1 0.60 0.50 (+4m/3a,0,+£0.187/h)
ucz 1.15 0.95 (+4m/3a,0,+£0.227t/h)
ucs 1.75 1.25 (+4m/3a,0,+£0.267/h)
uc4 2.25 1.45 (+4m/3a,0,+£0.307/h)
ucs 2.92 1.62 (+4m/3a,0,+0.34m/h)
uce 3.50 1.80 (+4m/3a,0,+£0.387/h)
uc? 4.20 1.90 (+4m/3a,0,+£0.427t/h)
ucs 5.10 1.90 (+4m/3a,0,+0.467/h)
uc9 6.85 1.65 (+4m/3a,0,+0.507/h)

tum space of ky,-k, plane at the frequency of 7.98 kHz, as shown in
Fig. 3c. The Weyl point corresponding to the positions k;h/m = 0.26
(left panel), 0.34 (middle), and 0.42 (right panel), reveal the lin-
early space-dependent shifts in the AC as marked by the orange
dashed line. Thus, a uniform acoustic PMF with the magnitude
B, = 0.021t/ha is generated. Because the time reversal symmetry

(a)
8.4
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is not broken in the system, the pseudo-magnetic field adds up
to zero throughout the whole AC, and the net flux in the system
is zeros.

In Fig. 3d, we simulate the projected dispersions along the ky,
direction for k, = 0.34m/h, which clearly shows the existence of
the chiral Landau level (black hollow circles). To observe the chi-
ral Landau level, we put the source at the center of the back sur-
face to excite the acoustic pressure field due to the negative
group velocity along the y’ direction. By scanning the frequency
in the range of 7.95 to 8.15 kHz (the gap of +£1 st Landau levels),
we obtain the dispersion of the chiral Landau level, as shown by
the inserted color map in Fig. 3d. In addition, we take the acoustic
pressure field of y'-z plane in the center of the AC at the fre-
quency of 7.98 kHz, and perform Fourier transform along the z
direction, acquiring the field distributions for different k,
(Fig. 3e). The measured and simulated results are in good agree-
ment and indicate that the acoustic pressure field is mainly local-
ized at k,=0.34n/h and propagates along the negative y’
direction.
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Fig. 4. (Color online) 3D acoustic quantum Hall effect. (a) Simulated projected dispersion of a rhombus acoustic crystal structure along the k, direction. The shadow region
represents the frequency from 7.95 to 8.15 kHz. (b), (c) Measured (left panel) and simulated (right panel) acoustic pressure field distributions of the edge states at the
excitation frequency around 7.98 kHz for k,h/m = 0.20 (b) and 0.44 (c), corresponding to the red and blue dots in (a), respectively.
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Fig. 4a shows the simulated projected dispersion along the k,
direction, where the supercell is chosen as the parallelogram-
shaped plate structure. In the frequency range of 7.95 to
8.15 kHz (shadow region), a series of Landau plateaus are formed.
According to the eigen-simulation (see Supplementary materials
Section 9), the acoustic pressure fields on these Landau plateaus
are localized on the bulk and side surfaces. Close to the boundary
of the surface, the plateaus deform and give rise to the edge states
of the 3D QHE. The acoustic pressure fields of the edge states, such
as the red and blue dots in Fig. 4a, are localized on the left edge of
the front surface and right edge of the back surface.

Since the edge state marked by the red dot in Fig. 4a has the
negative group velocity, we put the point source at the top surface
of the sample and measure the whole acoustic pressure field in the
AC. After the Fourier transformation, we obtain the acoustic pres-
sure field distribution for k, = 0.20m/h at the frequency around
7.98 kHz, as shown in Fig. 4b. The measured field distribution
clearly demonstrates the existence of the edge state located on
the left side of the front surface. To observe the edge state marked
by the blue dot in Fig. 4a, we place the point source at the top sur-
face of the sample (Supplementary materials Section 9). Fig. 4c
shows the measured acoustic pressure field distribution for
k, =0.44r/h at the same frequency. This figure shows that the
edge state is located in the right side of the back surface, as
expected. The experimental observations (right panels) shown by
the right panel of Fig. 4b and c agree well with the simulated
results (left panels).

4. Conclusion

In summary, we have theoretically proposed and experimen-
tally demonstrated the 3D acoustic quantum Hall states in Weyl
AC. A uniform acoustic PMF is created with the introduction of a
structural gradient, and as a result, the Fermi loop formed by the
bulk and arc surface states splits into the discrete Landau plateaus.
The unique chiral edge transport, with sound pinned on the bound-
aries of opposite surfaces, is visualized. This novel sound manipu-
lation can not only serve as the basis for acoustic devices with
unconventional functions, but also lay the foundation for continu-
ing exploring the 3D Hall physics. An interesting question is
whether there are higher-order corner states in 3D quantum Hall
system. This has not been previously investigated, and as an initial
exploration, we give an example in Supplementary materials
Section 10.
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