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PHONONIC CRYSTALS

Direct observation of Klein tunneling in
phononic crystals
Xue Jiang1,2*, Chengzhi Shi1,3*, Zhenglu Li4,5, Siqi Wang1, Yuan Wang1, Sui Yang1,
Steven G. Louie4,5, Xiang Zhang1,6†
Tunneling plays an essential role in many branches of physics and has found important applications.
It is theoretically proposed that Klein tunneling occurs when, under normal incidence, quasiparticles
exhibit unimpeded penetration through potential barriers independent of their height and width.
We created a phononic heterojunction by sandwiching two types of artificial phononic crystals
with different Dirac point energies. The direct observation of Klein tunneling as shown by the
key feature of unity transmission is demonstrated. Our experiment reveals that Klein tunneling
occurs over a broad band of acoustic frequency. The direct observation of Klein tunneling
in phononic crystals could find applications in signal processing, supercollimated beams,
and communications.

challenge in particle physics because of the
stringent requirements of accelerating a particle to a relativistic regime and constructing a
parallel barrier (2).
Recently, a graphene monolayer was found
to contain quasiparticles with massless relativistic dispersion known as the Dirac cone
band structures (3–8). However, only some
indirect features of Klein tunneling were deduced from the measurement of electrical resistance (9, 10). Another signature was seen
from the conductance oscillation and the halfperiod phase shift in a perpendicular magnetic
field (11, 12). However, the unambiguous evi-

Fig. 1. Klein tunneling in barrier structure formed by Dirac phononic
crystals. (A) Schematic of the conical spectrum of Klein tunneling (top panel),
with a potential barrier of width D and height V. The red and blue lines denote the
linear crossing branches with opposite pseudospin, resembling a massless
relativistic Dirac quasiparticle. The green dots represent the Dirac quasiparticles
with directions of motion that remain the same because of the conservation of
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pseudospin, indicated by gray and purple arrows. The bottom panel is the phononic
heterostructure constructed by two triangular lattices. Schematics of the unit cells
are shown in (B), with (C) showing the corresponding band structures forming a
potential barrier height of 652 Hz (the energy separation between the two Dirac
points located at 6380 and 7032 Hz, respectively). The gray dashed lines indicate the
position of the Dirac points, and the insets show the zoom-in plots.
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ne of the most intriguing phenomena
in quantum mechanics is the tunneling
of a relativistic Dirac particle with a
unity transmission that is independent
of the width and height of a barrier
upon normal incidence. This counterintuitive
phenomenon is known as Klein tunneling,
in marked contrast to the tunneling effect in
nonrelativistic limit, where the normal transmission probability is hindered by the specifics of the barriers. Although theoretically
proposed by Oskar Klein in 1929 for highenergy electrons (1), the experimental realization of Klein tunneling was an intractable

dence of Klein tunneling, i.e., unity normal
transmission that is independent of the height
and width of the energy barrier, has yet to be
observed. The difficulties lie in the stringent
and simultaneous requirements (11) of disorderfree heterojunction working in the ballistic
regime, a highly collimated electron beam,
and the potential barrier with parallel interfaces. Thus far, direct experimental demonstration of Klein tunneling has remained an
outstanding quest.
We report here the observation of Klein
tunneling by direct accessing of its key feature
of unity normal transmission. Analogously
to chemical or electrical gate doping in a
graphene system, we used a phononic crystal
(13–22) and achieved acoustic doping by synthesizing and sandwiching two types of artificial phononic crystals with different Dirac
point energies. This naturally forms the required n-p-n–like heterostructure. The energy
barrier height can be easily controlled by
changing the unit cell geometry of the sandwiched phononic crystal. In addition, we demonstrate the effective broad frequency range of
Klein tunneling. Such a direct experimental
confirmation of Klein tunneling in a phononic
system provides a promising platform with
which to explore complex, nontrivial physics
that usually require challenging delicate fabrications of samples in electronic systems.
Klein tunneling in condensed-matter systems is rooted in momentum-pseudospin
locking and conservation of the pseudospin
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First, the conservation of energy E is a result
of time-translational invariance in a linear
system, which requires the frequencies of the
transmitted and incident waves to remain
constant. Second, because of spatial translation symmetry along the interface, the normalincident quasiparticles conserve their transverse
momentum along y (parallel to the interfaces),
namely ky = 0. The third relevant conservation
law here is pseudospin conservation, which
forbids the back scattering for incidence at
the normal direction. Therefore, the incident

acoustic wave should be transmitted through
the potential barrier with unity transmission
regardless of the width and height of the
barrier (11).
An acoustic plane wave at 6800 Hz was
excited across the Dirac heterostructure at
normal incidence. At this excitation frequency,
phononic crystals 1 (2) correspond to the n-doped
(p-doped) regime (Fig. 2A). The transmission
dependence of the barrier width D was measured (Fig. 2B), with fixed barrier height V =
652 Hz. The measured region is indicated by
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in the scattering of massless Dirac quasiparticles. This pseudospin physics fundamentally
represents the relative phase of the excitation
amplitude on two real-space sublattices of the
eigenmodes of the Dirac quasiparticles (5)
in the long-wavelength limit (i.e., the length
scale is large compared with the interatomic
distance). A typical one-dimensional potential barrier with height V and width D can be
synthesized by lifting the Dirac point excitation energy in the sandwiched spatial region
above that in the outer regions forming the
Dirac heterojunction (Fig. 1A). In the classical
picture, a particle traveling with energy lower
than the barrier height will be completely
back scattered; for a nonrelativistic particle
in the same scenario, the normal transmission amplitude will decay exponentially with
the width and height of the potential barrier.
However, normal incident massless Dirac
particles encountering the barrier will experience perfect transmission (Klein tunneling)
made possible by the conservation of pseudospin of the Dirac quasiparticles. The backscattered particle has opposite pseudospin,
and a potential in the long-wavelength limit
cannot flip it (4, 23).
The massless Dirac quasiparticles in our
case are acoustic excitations from triangular
phononic lattice with rigid cylinders, where
the linear dispersed Dirac cones are formed
near the K and K′ points at the Brillouin
corners. We sandwiched two artificial phononic
crystals with the same lattice constant but
different cylinder radii (R). The Dirac point
energies were purposely controlled by changing
R (24), which serves as an important tuning
parameter similar to (but more controllable
than) the gating effect used in graphene systems. In our experiments, the geometric parameters were as follows: a = 28 mm, R1 = 12 mm,
and R2 = 7 mm, where a, R1, and R2 are the
common lattice constant and the cylinder radii
of the two different crystals, respectively. The
unit cell has a height of 15 mm, with an air gap
of 3 mm left between the cylinder top and the
upper cover for the field scanning (Fig. 1B). The
calculated band structures of the two phononic
crystals manifest linear dispersions, as illustrated in Fig. 1C, where a potential barrier of
height V = 652 Hz is formed (24).
Klein tunneling manifests as the combination of three fundamental conservation laws.
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Fig. 2. Normal transmission measured independent of potential width and height. (A) Schematic of
Klein tunneling measurement. Field scanning was performed over the n-p-n heterojunction. The green, red,
and gray boxes indicate the potential barrier, the measured region, and the areas for calculation (24),
respectively. (B) Experimentally measured amplitude of the normalized pressure field at normal incidence.
Frequency f = 6800 Hz and potential barrier V = 652 Hz were fixed while varying barrier width D.
(C) Amplitude of the normalized pressure field with fixed barrier width D = 14 mm and different potential height
V. (D and E) Measured transmission rate of pressure amplitude as a function of the barrier width D and
height V compared with the simulation results; estimated errors are smaller than the size of the markers.
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Klein tunneling were clearly demonstrated
in this experiment.
The advantage of studying artificial phononic crystals is that the type of tunneling
probed can be freely tailored by the excitation
frequencies. This is because a given potential
barrier can correspond to different types of
Dirac/non-Dirac heterojunctions depending on the excitation frequency used: There
will be a bipolar n-p-n junction if the excitation
frequency lies in different (upper versus lower)
Dirac cones inside and outside the barrier
(yellow zone in Fig. 3A), but a unipolar p-p′-p
or n-n′-n junction if it lies in the same Dirac
cone (magenta zone in Fig. 3A). Both the
bipolar and unipolar junctions are of the
proper geometries to support Klein tunneling. It should also be noted that the quasi-

particle gradually acquires nonlinearity in
the dispersion relation when the excitation
frequency is tuned away from the energy of
the Dirac point (gray and purple zones in
Fig. 3A).
Experimentally, we tuned the excitation
frequency into these four dispersion regions
(indicated by the colored dots in Fig. 3A). The
measured pressure fields across the same potential barrier (D = 14 mm and V = 652 Hz)
with different excitation frequencies are shown
in Fig. 3C. A near-unity transmission plateau is
observed over a broad frequency range (from
5800 to 6800 Hz). By contrast, the transmission drops substantially to 83.6 and 11.1% for
f = 5200 and 7900 Hz, respectively, where these
particles no longer support Klein tunneling
because the pseudospin-momentum locking
Downloaded from http://science.sciencemag.org/ on December 17, 2020

the red dashed box in Fig. 2A, and the position of the potential barrier is indicated by
the green dashed boxes. The pressure amplitude was normalized to the field without
junction, namely, the triangular lattice consisting of the same cylinders, to eliminate
unavoidable effect of sound diffusion (24).
In Fig. 2B, it can be seen that the incident
acoustic wave transmits through the barrier without changing patterns. To extract the
transmission rate of the pressure amplitude,
the integral (of the pressure amplitude) over the
regions S1 and S2 (of the same area) before and
after the potential barrier was performed (24).
Figure 2D shows the experimentally measured transmission rate as a function of barrier width D. The transmission was measured
to be 94.3, 96.7, and 94.6% for D = 11.2 mm,
14 mm, and 16.8 cm, respectively, which is
consistent with the 97.1, 96.0, and 93.8%
found in theoretical simulations using the
finite element method (24). The pressure
amplitudes inside and outside the barrier
are different because of the different effective acoustic impedance (Zeff) in the two
phononic crystals. However, the two n-doped
regimes before and after the barrier contain
the same Zeff, and thus the perfect transmission of acoustic pressure p is equivalent to
the near-unity transmission of acoustic intensity: I = |p|2/Zeff, which represents the
energy flux.
Furthermore, the potential height V can be
easily tuned by changing the cylinder radius
R2 in the barrier. Here, three cylinders with
the radii of R2 = 5, 7, and 8.25 mm lead to
barriers of heights V = 470, 652, and 1010 Hz,
respectively, and the barrier width is fixed to
be D = 14 mm. The measured pressure amplitude fields are given in Fig. 2C, and the
transmission rate is shown in Fig. 2E as a
function of V. The transmission rate is 95.2,
96.7, and 96.2% for V = 470, 652, and 1010 Hz
in the experiment and 98.9, 96.0, and 95.8%
in the simulations, respectively. Direct evidence
of Klein tunneling is unity normal transmission, which has long been pursued in
experimental observations. The previous
measurements on electronic resistance or
phase shift (9, 10, 12) have not shown direct
evidence of unity transmission, although they
may indicate some features of Klein tunneling (11). In our work, near-unity transmission
was observed regardless of the width and
height of the potential barrier, which gives
a direct experimental demonstration of Klein
tunneling. The transmission measured experimentally being not exactly at unity described
by theory may result from experimental conditions that were not absolutely ideal, from
small sample fabrication imperfections, to
finite-size unit cell effect, to the theoretically
required infinite-size crystals on both sides
of the junction. Nevertheless, the physics of

Fig. 3. Observation of Klein tunneling over a broad frequency band. (A) Left and right panels show the
dispersion relation of two phononic crystals with different radii (refer to Fig. 1C). Depending on the excitation
frequency, the potential barrier corresponds to different types of junctions. The dots indicate the frequencies
picked in the following comparison. (B) Frequency-dependent transmission rate. Within the linear dispersed
range of both crystals, the transmission at normal incidence approaches unity. The estimated errors are
smaller than the size of the markers. By contrast, the transmission drops rapidly in the nonlinear dispersion
range. (C) Experimentally measured amplitude of the normalized pressure fields at different frequencies.
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feature does not associate with states far away
from the Dirac point.
We have demonstrated direct observation of Klein tunneling, as evidenced by perfect transmission across a phononic crystal
heterojunction structure upon normal incidence. Moreover, the frequency range for Klein
tunneling can be explored by changing the excitation frequency of the incident acoustic wave
and is controlled by the linear dispersed range
of the two crystals away from their Dirac point
energy. Our work presents a new platform for
exploring emerging macroscale systems to be
used in applications such as on-chip logic
devices for sound manipulation, acoustic signal processing, and sound energy harvesting.
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A sound demonstration of Klein tunneling
The ability of particles to tunnel through barriers is an important property of quantum mechanical systems, and the
extent of the effect is strongly dependent on the properties of the barrier. By contrast, Klein tunneling can exhibit unity
transmission that is independent of the width and height of the energy barrier, but direct evidence for this effect remains
elusive. Using a phononic system comprising a periodic array of dielectric pillars, Jiang et al. provide evidence for the
direct observation of Klein tunneling. Near-unity transmission of acoustic excitations was observed across the barrier
independently of its width and height. This ability to tune the effect by controlling the size of the junctions and the
frequency of incident waves provides a promising platform to explore complex nontrivial physics and applications in
signal processing and information communications.
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