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Realization of broadband ultrasonic chiral Landau levels in an elastic metamaterial

Yafeng Chen®,! Zhihao Lan®,? Lei Fan,® Shanjun Liang®,* Liang An®,*" Jie Zhu®,":" and Zhongging Su®3*
nstitute of Acoustics, School of Physics Science and Engineering, Tongji University, Shanghai 200092, China
2Department of Electronic and Electrical Engineering, University College London, London WCIE 7JE, United Kingdom
3Department of Mechanical Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong SAR, China
4School of Professional Education and Executive Development, The Hong Kong Polytechnic University, Hong Kong SAR, China

® (Received 28 November 2024; revised 7 April 2025; accepted 9 April 2025; published 5 May 2025)

Metamaterials with Landau levels induced by synthetic pseudomagnetic fields present an exciting avenue for
manipulating elastic waves. Traditionally, these Landau levels in elastic metamaterials are generated by out-of-
plane pseudomagnetic fields, resulting in flat-band dispersions with limited bandwidth. In this study, we develop
an elastic metamaterial with broadband ultrasonic chiral Landau levels induced by in-plane pseudomagnetic

fields, which are synthesized by introducing linearly increased effective Dirac mass via locally breaking the
inversion symmetry of each unit cell. We experimentally observe broadband zeroth-order chiral Landau levels
for ultrasonic energy transmission. Additionally, we report the experimental observation of snake states, arising
from the interaction between zeroth-order and first-order Landau levels. The excellent robustness of the chiral

Landau levels is also experimentally validated. Our work suggests a way for realizing broadband ultrasonic chiral
Landau levels in elastic systems, with promising potential for applications in engineering devices for integrated

communication of elastic waves.
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I. INTRODUCTION

Many interesting phenomena in condensed matter physics,
such as Landau quantization and quantum Hall physics, are
related to the behaviors of electrons under external magnetic
fields. Unlike electrons, which are charged fermions, pho-
tons or phonons, as the quanta of classical electromagnetic
waves or mechanical vibrations, are neutral bosons and as
a result, they do not couple directly to real magnetic fields.
It has been known that inhomogeneous strains applied to
a graphene sheet can induce pseudomagnetic fields coupled
to Dirac fermions in the effective low-energy description of
graphene [1-3]. As this strain-induced pseudomagnetic field
is a geometrical effect, it can be conveniently transferred to
classical wave systems. Indeed, strain-induced pseudomag-
netic fields and Landau levels have been studied in both
photonic [4—13] and acoustic [14,15] systems in the past. Es-
sentially, the effect of strain leads to a shift of the Dirac points
in the two-dimensional (2D) momentum space, which could
be interpreted as an effective vector gauge potential. While
the strain in general deforms the whole lattice, which may be
challenging to implement in practice, modifying the unit cell
itself in a regular 2D lattice could also shift the Dirac points
in momentum space and pseudomagnetic fields generated in
this way have also been explored [16-20].

The gauge potential A = (Ax, A,) generated by shifting
the Dirac points in the (k,, k,) momentum space is in plane,
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which means the pseudomagnetic field (B, = V x A) is per-
pendicular to the x-y plane. The Landau levels induced by
such out-of-plane pseudomagnetic field in general are dis-
persiveless flat bands. While these flat Landau bands have
high density of states, which can be useful for enhancing
light-matter interactions, the waves associated with these flat
bands are localized and can not propagate through the system.
Apart from Dirac point degeneracy, flat Landau bands can also
arise from ring degeneracy [21-24]. Importantly, it has also
been known that dispersive chiral Landau levels can emerge
at 3D Weyl points under external magnetic fields [25-28].
The chiral Landau level is a topologically protected one-way
bulk state with its propagation direction determined by the
direction of the external magnetic field and the net number of
such levels determined by the topological charge of the cor-
responding degenerate point [29]. Up to now, chiral Landau
levels have been studied in three dimensions [30-32] and two
dimensions [33-37]. Towards on-chip applications, Cui et al.
realize chiral Landau levels in an integrated elastic platform
with pillars [36]. It is still desirable to develop a compact
platform with perforated holes towards different application
scenarios, such as developing topological phononic thin film.

In this work, we theoretically propose an ultrasonic elastic
metamaterial platform for chiral Landau levels and exper-
imentally investigate their propagation characteristics. The
chiral Landau levels are induced by an in-plane pseudo-
magnetic field, which is realized by linearly modulating the
position-dependent effective mass of the Dirac phonons via
locally breaking the inversion symmetry of the unit cell.
The propagation and dispersion properties of the zeroth-order
chiral Landau levels are clearly observed in experiments on
ultrasonic energy transmission. Moreover, by exciting both

©2025 American Physical Society
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FIG. 1. Design of the system with synthetic in-plane pseudomagnetic fields. (a) Schematic of the system and the unit cell. (b) Band
diagrams of the unit cell (r = [ = 0.069a) with the Dirac cone (dashed lines) and the unit cell (r = 0.414q, [ = 0.1a) with a band gap (solid
lines). (c) Phase distributions of the eigenmodes around the K valley of the first and second bands for the unit cell (r = 0.414qa, [ = 0.1a) and
its inversion-symmetric partner. (d) Illustration of the principle to synthesize an in-plane pseudomagnetic field by linearly opening the local
band gap Aw at the Dirac point of each unit cell along the y axis. The bottom panel shows the representative dispersion surfaces around the K

valley of the unit cells in the top panel.

the zeroth- and first-order Landau levels, snake states are also
observed. Finally, excellent robustness of the chiral Landau
levels against a step path and defects benefiting from the
large-area nature of these states is also experimentally vali-
dated. These findings provide a paradigm for the manipulation
of ultrasonic elastic waves via pseudomagnetic field-induced
chiral Landau levels and may offer promising opportunities
for the design of compact elastic wave devices.

II. EMERGENCE OF CHIRAL LANDAU LEVELS
INDUCED BY IN-PLANE PSEUDOMAGNETIC FIELDS

We begin by describing the system and the principle for
synthesizing the in-plane pseudomagnetic fields. The elastic
system we considered is a microperforated phononic plate as
shown in Fig. 1(a). The material of the plate is aluminum
with the elastic modulus, density, and Poisson ratio of 70 GPa,
2700 kg/m?, and 0.33, respectively. The unit cell [see the inset
of Fig. 1(a)] is made of three one-third disks with radius of r,
which are connected by the slender rods with width of /. The
lattice size and thickness of the unit cell are @ = 3 mm and
t = 0.93 mm. We mainly consider the out-of-plane flexural
modes of the system in this work, which support Dirac cones
at the K/K’' points of the Brillouin zone when the unit cell
has the inversion symmetry [see Fig. 1(b)]. The Hamiltonian
describing the Dirac phonons around the K/K’ valleys could
be written as Hp = vp(nk.ox + kyoy) (i = 1), where vp de-
notes the Dirac velocity; n = %1 corresponds to the K and K’
valleys; k, and k, are the relative wave vectors with respect to
the K/K’ valleys; o, and o, are the Pauli matrices. Moreover,

one can open a band gap at the Dirac point by breaking the
inversion symmetry of the unit cell [see Fig. 1(b)], which
essentially introduces an effective mass term mo, into the
Dirac Hamiltonian Hp, i.e., H} = vp(nkco, + ky0,) + mo;
with the size of the band gap Aw = 2m. Note that the phases
of the eigenmodes at the valley point of the first and second
bands corresponding to a unit cell and its inversion-symmetric
partner are inverted [see Fig. 1(c)], which means their band
gap and effective Dirac mass are also opposite to each other.
According to the substitution rule for a particle with charge
of ¢ in electromagnetic fields with vector potential of A,
i.e., k > k 4 gA, one can interpret the effective mass term
mo, in HJ} as an out-of-plane vector potential of A, = m.
Furthermore, if we can make A, position dependent, then
an in-plane pseudomagnetic field via B =V x A can be in-
duced. To realize the in-plane pseudomagnetic fields, in this
work we consider a scenario where the local band gap of
each unit cell along the y axis has a linear dependence on Yy,
i.e.,m = yy, which corresponds to a constant pseudomagnetic
field of B, = 0,A; = y [see the schematic yellow arrow in
Fig. 1(a)]. In particular, by varying r and /, we construct 11
unit cells, where the local band gap Aw is linearly increased
from zero to a maximum value of Awp, with a step of
Awmax /10 along the 4y direction, and arrange their inversion-
symmetric partners along the —y direction (see Sec. 1 of
the Supplemental Material [38] for the detailed geometrical
parameters of these unit cells), as shown in Fig. 1(d). Under
such a configuration, the system is no longer periodic along
the y axis, which means we should replace k, — —id, in Hp}
whereas k, can still be treated as a good quantum number.
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FIG. 2. Emergence of chiral Landau levels. (a) Projected band di-
agrams of the supercell denoted by the dashed box in Fig. 1(d) around
the K and K’ valleys, where the first few Landau levels are high-
lighted. (b) Representative eigenmode of the zeroth-order Landau
level [EO, denoted by the black triangle in (a)] at 1.75 MHz, and
the symmetric [E1, denoted by the red triangle in (a)] and antisym-
metric [E2, denoted by the blue triangle in (a)] eigenmodes of the
zeroth-order and first-order Landau levels at 1.98 MHz; the right
panel shows the real parts of the eigenmodes E1 and E2 along the
y axis. (c¢) Leftward and (d) rightward one-way propagation of the
zeroth-order Landau levels excited by a chiral source.

The quantized Landau levels corresponding to the eigenval-
ues of Hjf = vp(nk,o, — idyoy) + yyo, could be written as
[25,30,33] (see also Sec. 2 of the Supplemental Material [38]
for detailed derivation),

Sgn(V)UUka n=0

Wy = (H
+ /vik2 + 2nlylvp, n > 1.

Figure 2(a) shows the projected band diagrams of the su-
percell [denoted by the dashed box in Fig. 1(d)] around the
K and K’ valleys under periodic boundary conditions along
the x direction. It is observed that quantized Landau levels
emerge, with the zeroth-order Landau level exhibiting a broad
bandwidth, which aligns well with the theoretical solution
indicated by the solid line. The eigenmode of the zeroth-
order Landau level (indicated by the black triangle) shown
in Fig. 2(b) demonstrates that its energy distributes within the
central region across a wide length of the supercell, facilitating
the large-area transmission of elastic waves. In Sec. 3 of the
Supplemental Material [38], we further demonstrate that the
field confinement of the zeroth-order eigenmodes can be con-
trolled by adjusting the strength of the pseudomagnetic field,
which does not affect the group velocity of the zeroth-order
Landau level as shown by Eq. (1). Because the zeroth-order
Landau levels locked to the K and K’ valleys have opposite
group velocities [as per Fig. 2(a)], we can use a chiral source
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FIG. 3. Experimental validation of the Landau levels. (a) Pho-
tograph of the fabricated sample. (b) Experimentally measured
projected band diagram, which is obtained by performing the Fourier
transform on scanned out-of-plane displacement fields along the red
dashed line in (a). Experimentally measured displacement fields of
the whole sample at (c) 0.180 MHz and (d) 0.194 MHz, respectively.

for u, in the middle of the supercell to excite the leftward and
rightward one-way propagating waves selectively, as demon-
strated in Figs. 2(c) and 2(d). We would like to note that the K
and K’ valleys project to k, and k, directions differently. When
the in-plane pseudomagnetic field is along y, they project to
the same location along k, and thus the two chiral Landau
levels intersect in the projected band diagram [33], for which
the projection process is shown in the insert of Fig. 2(a). In
our case, the in-plane pseudomagnetic field is along x and thus
the K and K’ valleys project to different locations along k, and
consequently, the two chiral Landau levels do not intersect in
the projected band diagram [see Fig. 2(a)].

III. EXPERIMENTAL VALIDATION OF THE LANDAU
LEVELS AND THEIR ROBUSTNESS

To experimentally validate the Landau levels, we fabricate
the sample as shown in Fig. 3(a). The structure within the
dashed box of Fig. 3(a) is made by the supercell [indicated
by the dashed box in Fig. 1(d)] periodically arranged along
the x direction. To mitigate the boundary effect, it is further
cladded with several layers of the unit cells with Awpax,
which does not change the dispersions of the Landau levels
(see Sec. 4 of the Supplemental Material [38]). A piezoelec-
tric patch is put at the left end of the sample to excite the
rightward propagating elastic waves. The excitation force is
exerted to be perpendicular to the x-y plane to avoid exciting
the in-plane modes. The experimental details are given in
Sec. 5 of the Supplemental Material [38]. We first scan the
out-of-plane displacements u, along the red dashed line in
Fig. 3(a), based on which the Fourier transform gives the
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FIG. 4. Demonstration of the robustness of the chiral Landau levels. Photograph of the sample with (a) a step path and (b) defects.
(c) Experimentally measured transmission spectra of the three samples, i.e., without defects, with a step path and with defects. Experimentally
measured displacement fields of (d) the sample with step path and (e) defects. (f) Fourier spectra obtained by the displacement fields within

the red dashed boxes of the three samples in (a), (b) and Fig. 3(a).

dispersions of the eigenmodes along k, [see Fig. 3(b)]. We
can see that the experimentally measured zeroth-order agrees
well with the numerical solutions denoted by the red and
blue points, respectively. The scanned out-of-plane displace-
ment fields of the whole sample at 0.180 MHz, as plotted in
Fig. 3(c), demonstrate the large-area elastic energy conveying
via the zeroth-order Landau level. We also present the mea-
sured fields at other frequencies in Sec. 6 of the Supplemental
Material [38], showing the broadband large-area energy trans-
portation capacities of the zeroth-order Landau level. Notably,
we also observe the snakelike propagation at 0.194 MHz, as
shown in Fig. 3(d). Such snake state [40—44] is an interesting
transport phenomenon arising from the interaction between
the zeroth-order and first-order Landau levels with symmetric
and antisymmetric eigenmodes about y = 0 [as per E1 and E2
in Fig. 2(b)]. The theoretical explanation about the formation
of the snake state can be found in Sec. 7 of the Supplemental
Material [38].

One can expect that the chiral Landau levels would exhibit
strong robustness compared to conventional topological edge
states due to their large-area nature. To demonstrate this, we
fabricate two samples. The first sample, shown in Fig. 4(a),
features a step along the propagation path (indicated by the
black dashed line) achieved by shifting the middle domain
upward by 4+/3a. The second sample, illustrated in Fig. 4(b),
includes several defects created by filling in the holes, as
marked by the black dashed boxes. From the measured trans-
mission spectra shown in Fig. 4(c) of the three samples, i.e.,
the defect-free sample in Fig. 3(a), the sample with a step
path in Fig. 4(a), and the sample with defects in Fig. 4(b),
we observe distinct transmission peaks within the frequency

range between Landau levels with order from n = —2 to
n = 2. From the scanned displacement fields at 0.182 MHz as
shown in Figs. 4(d) and 4(e), it is evident that elastic waves
can navigate through the step path and bypass the defects.
Furthermore, the Fourier transform of the displacement fields
within the red dashed boxes in Figs. 3(a), 4(a), and 4(b), as
shown in Fig. 4(f), reveals that the propagating elastic waves
consistently remain locked at the K valley, unaffected by
the step and defects. These experimental results confirm the
excellent robustness of elastic wave propagation mediated by
the chiral Landau levels.

IV. CONCLUSION AND OUTLOOK

In conclusion, we have achieved broadband ultrasonic
chiral Landau levels in an elastic metamaterial, which are in-
duced by in-plane pseudomagnetic fields synthesized through
a linear variation of the local band gap around the Dirac point.
The dispersion diagram of the chiral Landau levels is exper-
imentally measured, which agrees well with the theoretical
calculation. We demonstrate the large-area transmission of ul-
trasonic energy at approximately 0.18 MHz. Additionally, we
observe the snakelike propagation of ultrasonic elastic waves,
resulting from the interaction between the zeroth-order and
first-order Landau levels. The robustness of the chiral Landau
levels has also been experimentally validated. This proposed
structure offers a pathway for creating ultrasonic elastic wave
devices capable of robust, broadband, and large-area ultra-
sonic energy transmission. Furthermore, the structure, which
hosts zeroth-order Landau levels and snake states with distinct
propagation paths and frequencies, provides a foundation for
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engineering on-chip elastic demultiplexers. With advanced
nanolithography technology, it is anticipated that this structure
can be further miniaturized to enable robust, large-area energy
transport of GHz elastic waves.
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