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Super Klein tunneling is one of the intriguing phenomena found in spin-1 systems and has aroused
many research interests due to its extraordinary transport properties. Compared with the traditional Klein
tunneling occurring under normal incidence, super Klein tunneling releases the restriction to omnidirec-
tional total transmission around the center of the energy or frequency barrier. Here, we observe super
Klein tunneling in a heterojunction of a phononic Lieb lattice, where a single pseudospin-1 Dirac cone is
located at the corner of the square Brillouin zone and consists of two linear crossed bands accompanied
by an extra flat band. Airborne sound experiments evidence the near-perfect transmissions around the cen-
ter of the frequency barrier for a wide range of incident angles. Our macroscopic acoustic system with
a pseudospin-1 Dirac cone provides an ideal platform to explore the physics and applications related to

super Klein tunneling.

DOI: 10.1103/PhysRevApplied.21.034026

I. INTRODUCTION

Relativistic massless Dirac particles can easily pass
through potential barriers regardless of their height and
width upon normal incidence with a unity transmission
[1]. This counterintuitive pure quantum phenomenon was
first proposed theoretically by Oskar Klein in 1929 and
is therefore called the Klein paradox [2]. Since there are
huge difficulties in accelerating particles to a relativistic
state and constructing a parallel barrier, direct observa-
tion of the Klein paradox in particle physics has not been
reported up to now. However, the interesting phenomenon
is easily observed in graphene with a honeycomb lattice
that hosts the spin-1/2 Dirac quasiparticle with linear dis-
persion [3,4], which relies on the sublattice pseudospin
conservation, and is now called Klein tunneling. This has
aroused attention into exploring various total transmission
phenomena of relativistic quasiparticles in solid materials
[2,5-9] and classical wave systems [10—13]. Klein tunnel-
ing has been experimentally verified in phononic [11,12]
and photonic [14] heterojunctions of honeycomb lattices.

An omnidirectional total transmission is known as super
Klein tunneling (SKT), in which relativistic particles with
energies of half the potential barrier can perfectly tun-
nel through the barrier irrespective of their incident angle
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[13,15—17]. This phenomenon has been found to appear
in systems possessing the pseudospin-1 Dirac quasiparticle
[18]. Extraordinary properties arise from the pseudospin-1
Dirac cone that exhibits a linear crossing accompanied by
an additional flat band [19]. This feature enriches the trans-
port behaviors even if the flat band does not contribute to
transport, such as super collimation [13], antilocalization
[20,21], super Andreev reflection [22,23], and topological
charge pumping [24]. Such a pseudospin-1 Dirac cone is
found to exist in dice [19], square [23], @ — T3 [25,26],
breathing [27], and Lieb [28] lattices. Very recently, SKT
has been experimentally observed in phononic crystals
with a triangular lattice, in which a flat band is tuned to
intersect the pseudospin-1/2 Dirac cones to form a pair of
pseudospin-1 Dirac cones at the hexagonal Brillouin zone
corners (points K and K’), due to the resonance of Willis
scatterers [29]. This naturally prompts a question about
whether SKT could be observed intuitively in a cleaner
system with a single pseudospin-1 Dirac cone.

In this work, we report the observation of acoustic SKT
in a phononic heterojunction consisting of two types of
phononic Lieb lattices (PLLs) with different pseudospin-1
Dirac frequencies. The PLL exhibits a single pseudospin-
1 Dirac cone at the M point of the square Brillouin
zone, which allows a convincing result without consider-
ing intervalley scattering. The scalability and controllabil-
ity of the artificial structures allow us to further under-
stand the intricate physics of pseudospin-1 quasiparticles
[30-33]. We first measure perfect Klein tunneling over the
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frequency range within the pseudospin-1 Dirac frequency
barrier under normal incidence and then demonstrate the
omnidirectional near-perfect transmission around the cen-
ter frequency in the phononic heterojunction. The direct
observation of acoustic SKT may have great significance
in searching for relativistic particles and provide a new
avenue in surface wave devices for signal processing and
lossless communication.

II. RESULTS AND DISCUSSIONS

A. Model for acoustic super Klein tunneling

For experimental observation of acoustic SKT, we create
a frequency barrier by sandwiching two types of PLLs with
identical lattice constants but different geometric param-
eters. In classical physics, a particle encountering a high
barrier is completely prohibited when its energy is lower
than the height of the barrier. The amplitude of the non-
relativistic particle will have an exponentially decaying
part in the barrier. Massless Dirac particles passing ver-
tically through the barrier will exhibit perfect transmis-
sion because of their conservation of pseudospins. Some
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theoretical works have also found that omnidirectional per-
fect transmission can be achieved in pseudospin-1 systems
[3,15,16,19,20,34,35]. In such Lieb lattices, the effective
Hamiltonian around the pseudospin-1 Dirac cone can be
described by [14]

0 ¢ O
Hy=v g 0 ¢, |]=vS-q,
0 g O

where vy is a quantity related to the group velocity, q =
(gx,qy) is the momentum around the pseudospin-1 Dirac
cone located at M in the Brillouin zone, and S = (S,, S,) is
the vector of the pseudospin-1 matrix denoting the sublat-
tice pseudospin. In Fig. 1(a), we show the schematic dia-
gram of the frequency barrier of the pseudospin-1 quasi-
particles. The difference between the pseudospin-1 Dirac
frequencies forms a n-p-n-like step barrier. The green hori-
zontal plane represents the operating frequency (energy for
massless relativistic particles) within the barrier. The hor-
izontal plane cuts out the equifrequency contours that can
be used to analyze the transport behavior of the quasiparti-
cles, as shown in Fig. 1(b), where the arrows represent the

(e)

Frequency barrier

SKT of acoustic pseudospin-1 Dirac quasiparticles. (a) Schematic of the frequency barrier of the Dirac-like cone with a width

of D and height AF. (b) Equifrequency contour analysis for a frequency within the frequency barrier. Solid and dashed curves represent
the equifrequency contours and the slightly larger ones, respectively. Arrows indicate the directions of group velocity corresponding to
PLL1 and PLL2. (c) A phononic heterojunction composed of two types of PLLs with different geometric parameters. (d),(e) Enlarged
views of the unit cell depicted by the black dashed boxes in (c). (f),(g) Bulk band structures of PLL1 and PLL2, with #; = 1.25 cm
and /#; = 1.00 cm, respectively. The inset of (f) shows the first Brillouin zone.
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directions of the group velocity. We can conclude that there
are two negative refraction effects at the interfaces [36,37].
The pseudospin-1 quasiparticles in our systems are mim-
icked by acoustic threefold degeneracy from the PLL, in
which the pseudospin-1 Dirac cone is formed by an addi-
tional flat band crossing a linear dispersion at the M point
of the square Brillouin zone. The heterojunction barrier is
constructed by the two PLLs (PLL1 and PLL2), as shown
in Fig. 1(c). The width of the barriers and interface details
are consistent with actual samples, but the overall size is
not the same.

The unit cells of PLL1 [Fig. 1(d)] and PLL2 [Fig. 1(e)]
are composed of three cylindrical cavities, labeled 4 and
A’, B and B, and C and C', respectively, which are cou-
pled by two orthogonal cylindrical tubes with identical
diameters of d = 0.46 cm. The unit cells have the same
lattice constant a = 3.00 cm. Both have one big cavity B
and B’ with ; = 0.69 cm and two identical small cavi-
ties A and A’, and C and C’ with », = 0.48 c¢cm, which can
be regarded as lattice sites in general. The only difference

between PLL1 and PLL2 is the height of cavities: 4, =
1.25 c¢cm for all three cavities in PLL1 and /4, = 1.00 cm
in PLL2. By adjusting the height of cavities, we can shift
the frequency positions of the pseudospin-1 Dirac point.
The corresponding band structures are shown in Figs. 1(f)
and 1(g) [Appendix A]. The two pseudospin-1 Dirac points
with f; = 3.88 kHz and f;, = 4.31 kHz form a frequency
barrier AF = 0.43 kHz. It can be seen that the conical dis-
persions around the pseudospin-1 Dirac points are linearly
touched by a flat band, and match well with the massless
low-energy effective Hamiltonian.

B. Observation of traditional Klein tunneling in PLLs

For an experimental observation, a heterojunction of the
PLL sample is produced by 3D photosensitive resin print-
ing. The experimental setup is shown in Fig. 2(a). The
frequency barrier (PLL2) is outlined by the dashed box and
is 5+/2a x 40+/2a in the x and y directions. Two PLLIs
before and after the barrier have a mirror symmetry about
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FIG. 2. Experimental setup and observation of traditional Klein tunneling. (a) Photo of the phononic heterojunction. The green
rectangular ribbons, orange square area, and black dashed box denote the measured areas of the transmission, scanning region of
the field, and frequency barrier region, respectively. The yellow stars indicate the positions of the point sound source. (b) Measured

transmission (red stars) as a function of the frequency within the

barrier compared with the simulated results (green balls). (c)(e)

Measured field distributions for three frequencies all within the frequency barrier. The top and bottom panels show the normalized

amplitude and pressure fields, respectively.
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the center line of the PLL2. The size of each PLLI is
13+/2a x 404/2a in the x and y directions. To avoid reflec-
tion from the upper and lower boundaries, the source array
(yellow stars) is positioned at the bottom middle half of
the sample. The point sources are placed in cavity B of
each cell for better excitations. By gradually varying the
initial phase of each point source, we can obtain a plane
wave with incident angle 6 in the left PLL1. We first
measure the frequency-dependent transmission under nor-
mal incidence. The point sources launch wide-frequency
sound signals with the same amplitude and phase, result-
ing in a plane wave being excited to impact the barrier
PLL2 under normal incidence. In a PLL, the energy of
sound waves can be characterized by energy flux density
I = |p|?/ pervg = (1/2)A4%/Zer, where p is sound pressure,
A amplitude, pef effective mass density, v, group velocity,
and Z effective acoustic impedance. Because the regions
before and after the barrier are both PLL1 with the same
Z.f, the transmission can be obtained by

- fsz A%ds

Jls, A%ds’

where S; and S, are the measured regions before and
after the potential barrier denoted by the dashed box, with
the same area. The integration region almost covers the y
direction to collect all the energy passing through the bar-
rier. In this type of PLL with a cavity-tube structure, the
dissipative effect of the resin material on sound waves is
inevitable. To reduce the influence of dissipation on exper-
imental observation, we extract the dissipation coefficients
to compensate the amplitude fields for different frequen-
cies and incident angles in PLL1 and PLL2, respectively
[Appendix B].

Figure 2(b) exhibits the frequency-dependent transmis-
sion under normal incidence. The maximum and mini-
mum of the horizontal axis are the frequencies of two
pseudospin-1 Dirac points. The measured results for the
frequency of the gray area are not given because this
area overlaps the frequency range of the near-flat band
of PLLI. It can be seen that both the simulated and mea-
sured transmission spectra have overall high transmissions
and good consistency, indicating the applicability of the
experimental approach. The negligible differences between
them may be caused by the collection of unexpected diffu-
sion states described above, the finite size of the sample,
and defects in manufacturing and splicing the sample.
To further visualize the Klein tunneling, we measure the
normalized amplitude and pressure field distributions, as
shown in Figs. 2(c)-2(e). The measured region is depicted
by the orange rectangle in Fig. 2(a). From the upper pan-
els of Figs. 2(c)—2(e), we can see that the consistency of
amplitude intensity on both sides of the barrier again ver-
ifies the perfect transmission. The difference in amplitude
inside and outside the barrier is due to the mismatch of

the effective acoustic impedance. From the bottom pan-
els of Figs. 2(c)—2(e), we can obtain an effective wave-
length of about 11 unit cells in the x direction, which is
twice the distance between the light and dark stripes in
the pressure fields. This is much longer than the wave-
length in air. These wave fronts also indicate the horizontal
propagation directions of the acoustic wave in the whole
heterojunction.

C. Observation of super Klein tunneling in PLLs

We measure the transmission of the phononic hetero-
junction as a function of incident angle at the center
frequency of 4.09 kHz, where the equifrequency contours
of this frequency for PLL1 and PLL2 are identical.
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FIG. 3. Observation of SKT at the center frequency of

4.09 kHz. (a) Measured and simulated angle-dependent trans-
mission spectra. (b)«d) Normalized amplitude field |p| (left
panel) and pressure field p (right panel) for different incident
angles. In the right panels, the light green strips and black arrows
mark the effective wave front and the directions of group velocity
in the PLL, respectively.
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Figure 3(a) gives the angle-dependent transmission spec-
tra. Owing to the limitation of the sample size, we only
measure the transmission where the incident angle is less
than 40°. Because the heterojunction has a mirror symme-
try, only the transmissions with a positive incident angle
are given. The measured transmissions (red stars) reach up
to 0.985, 0.973, 0.955, 0.949, and 0.963 for 6 = 0°, 10°,
20°, 30°, and 40°, respectively, which are in good agree-
ment with the near-unity transmission in simulation (green
balls). The measured transmissions here are compensated
by their corresponding dissipation coefficients. Such near-
unity transmissions independent of the width and height
of the potential barrier are shown in Figs. 6(a) and 6(b)
[Appendices C and D]. Furthermore, we also give the nor-
malized amplitude and pressure fields for 6 = 20°, 30°,
and 40°, as shown in Figs. 3(b)-3(d). The magnitudes of
amplitude are invariant overall before and after the barrier,
indicating the near-perfect transmission at these incident
angles. The sound pressure fields are shown in the right-
hand panels. Similar to the normal incidence, several wide
stripes highlighted in green indicate the wave front and the
black arrows denote the directions of group velocity. One
can see that negative refractions occur at both the PLL1-
PLL2 and PLL2-PLLI1 interfaces, verifying the previous
predictions from equifrequency contour analysis.

To further characterize the tunneling properties, we
measure the behaviors of angle-dependent transmission

near the center frequency. The measured and simulated
transmission results at the frequency 4.05 kHz are shown
in Fig. 4(a). The measured transmissions (red stars) reach
up to 0.931, 0.935, 0.925, 0.933, and 0.894 for 6 = 0°,
10°, 20°, 30°, and 40°, respectively, which are slightly
lower than the simulated results (green balls). The mea-
sured transmissions here are also compensated by their
corresponding dissipation coefficients. It can be seen that
the transmission spectrum reaches a maximum of 1 at
0 = 0, which corresponds to traditional Klein tunneling.
Above 30° incidence, the transmission slowly decreases
to reach the value 0.810 at an incident angle of 45°. For
4.13 kHz, when incident angle 6 in PLL1 exceeds 30°,
the refraction angle ¢ would be much larger than 30°,
which makes it impossible to measure the attenuation in
the barrier due to the finite size of the sample, thus the
maximum of the incident angle in the measured trans-
mission is 30°, as shown in Fig. 4(c). In contrast with
transmission at 4.05 kHz, the transmission at 4.13 kHz
decreases rapidly for large incident angles. As shown in
Figs. 3(b) and 3(d), the wide-angle perfect transmission
can be visualized by the amplitude and pressure fields. In
Figs. 4(b) and 4(d), we display the field distributions for
4.05 and 4.13 kHz. Overall, the magnitudes of amplitude
are almost unchanged before and after the barrier. Sev-
eral wide stripes highlighted in green indicate the wave
front and the black arrows denote the directions of group
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FIG. 4. Observation of wide-angle near-perfect transmissions around the center frequency. (a) Measured and simulated transmissions
as a function of the incident angle at 4.05 kHz. (b) Normalized amplitude field |p| (left panel) and pressure field p (right panel) under
the incident angle of 30°. In the right panel, the light green strips and black arrows mark the effective wave front and the directions
of group velocity, respectively. (c),(d) The same as (a),(b) but at 4.13 kHz. The inset of (a),(c) label the positions of the operating

frequencies within the barrier.
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velocity. The measured refraction angles ¢ are approxi-
mately equal to 19.5° and 53.8° for 4.05 and 4.13 kHz,
respectively, which agree well with the predictions from
equifrequency contour analysis.

III. CONCLUSIONS

In summary, we construct a PLL heterojunction and
unambiguously observe SKT, in which the PLL hosts
only a single pseudospin-1 Dirac cone in the square Bril-
louin zone corner. By varying the heights of the resonant
cavities, we can shift the frequencies of the pseudospin-
1 Dirac cone to assemble the phononic heterojunction
with a frequency barrier. As a signature feature of SKT,
omnidirectional total transmissions at the center of the fre-
quency barrier are verified in experiments, which are in
good agreement with the simulations. When the operat-
ing frequency is slightly away from the center, near-perfect
transmissions are still observed at a wide range of incident
angles. Our work expands the conditions for unobstructed
energy transmission in sound waves, which provides ideas
for research into robust transmission and may have poten-
tial significance for acoustic-integrated devices.
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APPENDIX A: NUMERICAL SIMULATIONS

Throughout this work, all the simulations are performed
using commercial finite-element software COMSOL Multi-
physics, and the mass density and sound speed of air are
set as 1.29 kg/m? and 341 m/s, respectively. Owing to the
huge acoustic impedance mismatch between photosensi-
tive resin and air, the 3D-printed material is regarded as a
rigid boundary in simulations. The bulk band structures in
Figs. 1(f) and 1(g) are calculated by applying the Bloch
boundary conditions in both the x and y directions. A
semi-infinite heterojunction with Bloch periodic boundary
conditions in the y direction but with an absorbing bound-
ary in the x direction is used to calculate the transmissions.
A monopole point source is used to stimulate the Bloch
mode in PLL1. Different incident directions are achieved
by varying the Bloch wave vectors k. The simulated trans-
missions in Figs. 2(b), 3(a), 4(a), and 4(c) are calculated by
collecting the energy in the same sized regions before and
after the frequency barrier.

APPENDIX B: EXPERIMENTAL
MEASUREMENTS

Note that the size of the sample in the x and y direc-
tions is large enough that there is no need to consider
reflections in the experiment due to the natural attenua-
tion. The natural attenuation of acoustic intensity can be
expressed as /(x) = Iy exp(—mx), where [ is the intensity
at the initial position, which is proportional to 42, and m
is the attenuation coefficient to be measured. We measure

(b)
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Measurement of attenuation coefficient m. (a) Measured amplitude (left panel) and pressure (right panel) fields in a uniform

PLLI. The oblique dashed lines outline the region of integration of acoustic fields. The square of the amplitude within the dashed box
is used for the calculation of the attenuation coefficient. (b) Fitting of measured values in (a).
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FIG. 6. SKT under different widths and heights of the barriers for & = 30°. (a) Simulated transmission 7 as a function of width D at
f = 4.09 kHz. (b) Simulated transmission as a function of heights AF for width D = 5+/2a.

the coefficient m(f(z) for different incident angles 6 and fre-
quencies in a uniform PLL1 or PLL2. The source array is
positioned at the left side of the sample PLL1 or PLL2. A
multiaudio channel sound card (Antelope Orion32+ Gen3)
is utilized to generate discrete acoustic signals. By gradu-
ally varying the initial phase of each point source, we can
obtain a plane wave with incident angle 6 in the left PLL1.
A series of subwavelength speakers (diameter ~4.0 mm)
are used as point sound sources. Two identical acous-
tic detectors (B&K Type 4187 1/4-in. microphone) are
employed for sound recording: one is fixed near the sound
source to collect the reference signals; the other is moved
cavity by cavity to capture the field distributions. A mul-
tianalyzer system (B&K Type 3560B) is used to analyze
signals. In Fig. 5, we pick 6 = 30° and f = 4.09 kHz in
PLL1 as an example to illustrate the measurement process
of the attenuation coefficient m?oo. The measured ampli-
tude and pressure fields are shown in Fig. 5(a). The sound
waves mainly travel between the oblique dashed lines with
6 = 30°. The dissipative spectrum of the acoustic field
is characterized by integrating the energy in the rectan-
gular dashed box. Then, the attenuation coefficient 73"
can be obtained by fitting the dissipative spectrum exhib-
ited in Fig. 5(b). The measured field distributions can be
compensated using their corresponding m.

APPENDIX C: TRANSMISSIONS THROUGH
FREQUENCY BARRIERS WITH DIFFERENT
WIDTHS AND HEIGHTS

For further discussion, we calculate the transmission
with different widths and heights of the barrier under an
incidence of 6 = 30°, as shown in Figs. 6(a) and 6(b).
In Fig. 6(a), we give the transmission as a function of
the width of the barriers at the center frequency f =
4.09 kHz for the heterojunction composed of PLL1 and
PLL2. In Fig. 6(b), we give the transmission as a function
of the heights of the barriers for four heterojunctions. Both

results display a near-unity transmission, which verifies the
stability of the SKT.

APPENDIX D: SIMULATED TRANSMISSIONS
FOR THE WIDER RANGE OF INCIDENT ANGLE

In Figs. 3 and 4, we have given the transmission at a cer-
tain range of incident angles at different frequencies. If we
were not limited to comparing with experimental condi-
tions, we could give the ideal simulated transmissions for a
wider range of angles of incidence, with a longer PLL1 and
wider integration area, as shown in Fig. 7. The results are
consistent with the conclusions in the text, where the SKT
is still obvious at the center frequency. At angles of inci-
dence above 80°, ideal simulation is also hard to achieve
because of the reflection between the PLL1 and the drain
areas on both sides.

1.0 j-e¢c-0@ ;\
0.8 |- A
\
g \
i 0.6 - \
E
2 \
—
=04t \
—— 4.05kHz
—e— 4.09 kHz
02l —e— 4.13kHz \
0.0 . 1 . 1 . 1 . 1 6o |
0 15 30 45 60 75 90
6 (degree)
FIG. 7. Simulated transmission as functions of incident angle

at f = 4.05,4.09, and 4.13 kHz.
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