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We report the first realization of a three-dimensional (3D) acoustic double-zero-index medium (DZIM)
made of a cubic lattice of metal rods. While the past decade has seen several realizations of 2D DZIM,
achieving such a medium in 3D has remained an elusive challenge. Here, we show how a fourfold
degenerate point with conical dispersion can be induced at the Brillouin zone center, such that the material
becomes a 3D DZIM with the effective mass density and compressibility simultaneously acquiring near-
zero values. To demonstrate the functionalities of this new medium, we have fabricated an acoustic
waveguide of 3D DZIM in form of a “periscope” with two 90° turns and observed tunneling of a normally
incident planar wave through the waveguide yielding undistorted planar wave front at the waveguide exit.
Our findings establish a practical route to realize 3D DZIM as an effective acoustic “void space” that offers
unprecedented control over acoustic wave propagation.
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Wave propagating in a medium with one or more
constitutive parameters vanishing does not accumulate
any phase retardation. This characteristic can be leveraged
to achieve wave manipulation in unique ways, enabling
unctionalities like wave front engineering [1-11], cloaking
of objects [9-16], wave tunneling [17-25], asymmetric
transmission [26-28], and photonic doping [29-34]. A
single-zero-index medium, with only one constitutive
parameter near zero, usually has a significant impedance
mismatch with the background, which is undesirable for
real applications. A double-zero-index medium (DZIM),
with both constitutive parameters near zero, can overcome
this obstacle owing to its finite effective impedance [8—12].
In the past decade, several approaches have been success-
fully utilized to realize the two-dimensional (2D) DZIM,
including Dirac-like conical dispersion [8-11,20,24], the
doping of single-zero-index media [29—-34], and the use of
parity-time symmetry [35].

Despite these accomplishments, the applicability of 2D
DZIMs is intrinsically limited to the control of in-plane
propagating waves [5,14]. Three-dimensional (3D) DZIMs
would allow overcoming this constraint and achieving far
superior functionalities. The ascension of dimensionality
not only satisfies the critical need of wave manipulation but
also leads to fundamental new physics. However, from two
to three dimensions, we face a multitude of difficulties. For
electromagnetic waves, the widely adopted strategy in two
dimensions, i.e., the degeneracy of dipolar and monopolar
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modes [4,7-11], is ineffective because the transverse nature
prevents the existence of a monopolar mode in three
dimensions. For acoustic waves, although monopolar
modes exist in 3D, natural slow-wave materials, typically
chosen for scatterers, are extremely limited for airborne
sound [6]. These differences and constraints hinder the
extension of 2D DZIM to three dimensions in both
electromagnetic and acoustic systems, leaving the realiza-
tion of 3D DZIM a long-standing challenge. Recently, there
were several theoretical attempts [36-38], which are either
nonrealistic or rely on resonances that are sensitive to the
intrinsic loss of the material.

Here, we report the first realization of a 3D DZIM for
airborne sound. To overcome the aforementioned difficul-
ties, instead of relying on previous approaches, we exploit
the combination of glide symmetry [39-42] and accidental
degeneracy, and design a phononic crystal (PC) that
supports the accidental degeneracy of threefold degenerate
dipolar states and a monopolar state at the Brillouin zone
center. In the vicinity of this fourfold degenerate point,
linear dispersion exists in all directions of the reciprocal
space. We call it a Dirac-like point in the 3D k space and
find the effective mass density and compressibility are
simultaneously zero at its frequency [43,44]. Although
occupying a finite volume, the DZIM inherits the wave
properties of a 3D effective void space, leading to unusual
physics and applications. By experimentally constructing
the 3D acoustic DZIM and putting it inside a twisted
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FIG. 1. Band structure and eigenstates of the 3D PC. (a) 3D
view and (b) (001) top view of unit cell. The host medium (gray)
is air. Colored square blocks with side length L x L x a are
aluminum blocks. The black dashed line and red dashed box in
(b) represents the direction of mirror plane M_,, and the unit cell
shown in (a). (¢) Band structure of the PC with L = 0.3a. Black
and blue dots represent the monopolar state and the threefold
degenerate dipolar states at the Brillouin Zone center, respec-
tively. (d)—(g) Acoustic pressure field distributions of the mo-
nopolar state and dipolar states.

acoustic periscope, we demonstrate unusual wave tunnel-
ing functionality with a nondisturbed planar wave front at
the exit, which is a direct proof of the double-zero-index
property in three dimensions.

As illustrated in Fig. 1(a), the PC is a cubic lattice of unit
cells, each comprising three aluminum rods (treated as
sound-hard objects) in air. The lattice constant is a. The
aluminum rods are orthogonally aligned along the x, y, and
z directions, respectively, all having a square cross section
with a side length L. When the axes of the rods are
separated by a/2, the system has a glide symmetry [39-42]
defined as G;;={M_;j|(a/2)k}: (i.j.k)—=(—j.~i.k+a/2),
transforming the ith (i = x, y, z) rod into the jth (j =y, z,
x) rod. The lattice also has the C5 rotational symmetry
about the [111] diagonal axes [45] and mitror symmetry
about the x-y, y-z, z-x planes as shown in Figs. 1(a) and
1(b). The band structure of the PC with L = 0.3a is shown
in Fig. 1(c), exhibiting a threefold degeneracy at the I point
for the second, third, and fourth branches. The eigenfields
of these degenerate states and a single state on the fifth
branch are plotted in Figs. 1(d)-1(g), showing the single
state [Fig. 1(d)] a monopolar state and the threefold
degenerate states [Figs. 1(e)-1(g)] three orthogonal dipolar
states. The degeneracy of these dipolar states is guaranteed
by the symmetry of the lattice, regardless of the detailed
geometric parameters. Altering the size of the rods only
changes the eigenfrequency of these states. Therefore,
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FIG. 2. Realization of 3D acoustic DZIM by accidental
degeneracy. (a) Band structure of the PC with L = 0.35a. A
fourfold degenerate point (the Dirac-like point) at the I" point is
observed. (b) An enlargedplot of the dispersion surfaces near the
Dirac-like point in the k,-k, plane. (c) The normalized effective
mass density p.; (black curves) and compressibility S (blue
curves) for the cases of L = 0.35a (solid curves) and L = 0.3a
(dashed curves).

accidental degeneracy of the monopolar and dipolar
states, i.e., a fourfold degenerate point, can be achieved
by changing L.

Figure 2(a) shows the band structure of a PC with
L = 0.35a. The aforementioned fourfold degenerate point
at the Brillouin zone center is observed. An enlarged view
of the band structure near the I" point in the k -k, plane is
shown in Fig. 2(b), demonstrating a conical dispersion
intersecting with two flatbands. The dispersions in the k -k,
and k_-k, planes are the same as that in the k,-k, plane [46],
indicating linear dispersion emerges in the vicinity of this
fourfold degenerate point in all directions. We call this
point a Dirac-like point in the 3D k space.

The Dirac-like point found here is different from the
widely studied Dirac points and Weyl points, despite some
similarities. Although both Dirac and Dirac-like points
exhibit linear dispersion, only the Dirac points can be
mapped into the massless Dirac Hamiltonian and carry a
nonzero Berry phase [49-51]. The Weyl points always
emerge in pairs, and possess opposite topological charges
[52-57]. The topological characteristics of Weyl points
have been explored for topological surface states [54—
56,58,59], negative refraction [54], etc. The Dirac-like
point, on the other hand, possesses unique properties to
be revealed later.

The Dirac-like linear dispersion discussed here also
appears as a consequence of double-zero effective param-
eters [46]. In Fig. 2(c), we show the effective mass density
perr and compressibility B for our PC obtained from the
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effective parameter retrieval method based on field averag-
ing [43,44]. For the case of L = 0.35a, both p/py and
Pesi/ Po cross zero simultaneously at the frequency of the
Dirac-like point wp = 0.807(2z¢/a). In comparison, when
L = 0.3a, the effective mass density and compressibility
cross zero at different frequencies w,; = 0.82(27c/a) and
w,, = 0.88(27¢/a), which correspond to the eigenfrequen-
cies of the dipolar and monopolar states at the I" point,
respectively. Therefore, only single-zero-index media are
realized. When the band gap between w, and ,, closes, the
Dirac-like conical dispersion emerges as a result of the
double-zero-index. Such results consist with the scattering
theorem, in which the monopolar and dipolar resonances
correspond to the effective bulk modulus and mass density,
respectively [60]. We note that the effective medium
approximation works well at this relatively high frequency
because the effective wavelength approaches infinity, as has
been physically explained in [61] and observed in previous
2D DZIM systems [7-9].

The additional flatbands in Figs. 2(a) and 2(b), with
eigenstates shown in Figs. 1(f) and 1(g), correspond to zero
effective mass induced transverse acoustic waves [46,60],
which are deaf bands and couple weakly even to oblique
incident waves. Therefore, their existence does not affect
the wave properties near the Dirac-like point.

With vanishing p.; and fy, the 3D DZIM can be
regarded as an acoustic void space. To demonstrate this
unique property that is not available for any other acoustic
materials, we consider the transmission of a normally
incident wave through a slab of 3D DZIM with finite
thickness. The transmittance is always unity, regardless of
any potential impedance mismatch between the DZIM and
the background, meaning that the incident wave passes
through DZIM as if it was a void. We verify this property
both analytically through the effective medium and numeri-
cally via simulation of the PC structure [46]. In compari-
son, a slab of an ordinary medium with mismatched
impedance to the background always causes reflection
unless Fabry-Perot resonances occur. The transmission
coefficient of a slab of single-zero-index medium keeps
at low values [46]. Indeed, our DZIM approximation is
effective for small incident angles when the nonlocality
effect is not significant. A 2D DZIM is equivalent to a “void
plane” only for in-plane propagating waves [5-11,14]. A
3D DZIM of finite volume offers more possibilities. For
example, a wave incident normally onto one surface of a
DZIM cube is partitioned and radiates normally from the
other five surfaces. If any four outlet surfaces are covered
with totally reflective boundaries, the DZIM cube becomes
a wave-steering device that can direct waves to orthogonal
directions in all three dimensions with a 100% efficiency.

To demonstrate the potential for practical use of the 3D
DZIM as a 3D acoustic void space, we have designed and
fabricated a 3D periscope for sound. Figure 3(a) shows an
acoustic bending waveguide filled with 3D DZIM. The
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FIG. 3. Transmission of sound through an acoustic “periscope.”
(a) Mlustration of the designed acoustic periscope consisting of a
bending waveguide with two 90° bends (gold color). The red and
blue regions represent the 3D DZIM and air, respectively. Wave
incident from the top. (b) Simulated pressure field distribution
when the waveguide is filled with PC at fp;,. = 9742 Hz.
(c) The same as (b) but the PC is replaced by its effective
medium. (d) The same as (b) and (c), but without any filling.

wave comes from the top along the negative z direction,
impinging normally to the DZIM. With two 90° bends, the
waveguide turns into negative y direction then to positive x
direction. Figures 3(b) and 3(c) show the simulated
pressure field distribution with the filling material being
the PC and its effective medium, respectively, at the Dirac-
like point frequency. For both cases, the systems have
minimal reflection. Eigenstates away from the I" point at
this frequency are not excited by normally incident waves
because of their nonzero wave vector in the k,-k, plane.
Scattering by the bending parts of the waveguide is also
weak, due to the large effective wavelength attributed to the
near-zero index. As a result, the outgoing waves retain a
planar wave front, which are reoriented and parallel to the
y-z plane. In contrast, without the DZIM, the wave is
inevitably scattered by the bends that severely scrambles
the outgoing wave front, as shown in Fig. 3(d). These
results clearly demonstrate the equivalence of our PC and a
3D DZIM by wave-tunneling through a 3D bending
waveguide with wave front-preserving reorientation, which
is a direct and unique consequence of the 3D DZIM as an
effective acoustic void space. Without the ascension of
dimensionality in the DZIM, it is not possible to realize
such a flexible bending waveguide that route waves in the
3D space.

Figure 4(a) shows the experimental setup of periscope
waveguide with 12 aluminum plates. The waveguide has a
square cross section with a side length of 14.25 cm (5 unit
cells). As shown in Fig. 4(b), the PC is built inside the
waveguide using aluminum rods with square cross sections
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Loudspeaker -

FIG. 4. Experimental setup. (a) A loudspeaker emits a plane
wave along the negative z direction. The waveguide bends twice
and the output is along the positive x direction. A microphone is
mounted on a translational stage to scan the sound at the outlet in
y-z, x-y, and x-z planes. (b) Some boundaries of the waveguide
are removed to show the PC inside.

of 1.0 cm x 1.0 cm. The lattice constant is 2.85 cm. The
simulation yields a Dirac-like point at fp,. = @p/(27) =
9742 Hz. Around this frequency, the thicknesses of viscous
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FIG. 5.

boundary layer and thermal boundary layer are about 0.021
and 0.026 mm, respectively, which are orders of magnitude
smaller than the minimum separation of square rods, i.e.,
4.25 mm, meaning the viscothermal effect is negligible
[62,63]. We mount a loudspeaker with a diameter of 12 cm
on one end of the waveguide to generate a plane wave that
propagates in the negative z direction, as shown in Fig. 4(a).
The transmitted wave at the exit of the waveguide is
measured by a microphone, which is mounted on a trans-
lational stage to raster scan the wave profile in the y-z, x-y,
and x-z planes.

We perform a 2D Fourier transform of the spatial maps at
frequencies near fp;,c = 9680 Hz. The Fourier transforms
of the y-z plane, which is parallel to the PC-air interface at
the exit of the waveguide, are shown in Fig. 5(a). Near
JfDiracs the Fourier coefficients exhibit a spike at
ky, = k. = 0. This implies that the acoustic wave exiting
from the PC has a wave vector dominated by k,, indicating
a planar wave front with minimal distortion is maintained
although the propagation direction has changed twice. For
frequencies above and below fp;.,., the outgoing waves
possess k, and k, components, as the sharp peak gradually

X (cm)

x (cm)

Plane wave tunneling. (a) The 2D Fourier transforms of the scanned field patterns at frequencies near fpj;,. = 9680 Hz. In the

ky-k. plane, the Fourier transform has a distribution that peaks at k, =k, = 0 at fpj, the distribution gradually expands as the
frequency moves away from fpir,c. All maps in (a) share the same coordinates. (b),(c) The same as (a) but for k,-k, and k,-k, planes. At
fpirac (middle panels), the Fourier transforms imply a plane wave in the positive x direction. The red arrows mark the position of
ky = 27 fpirac/ € = 177 m™!, ky(k,) = 0. Away from fp;,c, nonzero k,(k,) components appear. (d) and (e) Scanned real-space field
patterns of x-y plane and x-z plane at fp;.,., respectively, showing a planar wave front.
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expands into a circle [Fig. 5(a)]. We further examine the 2D
Fourier transforms of the rasterized map in the x-y and x-z
planes, as shown in Figs. 5(b) and 5(c). At fpimac, the
magnitudes sharply peak at k, = 27 fpiac/c =~ 177 m™,
clearly suggesting the outgoing wave is a plane wave.
When the frequency deviates from fp;,., the wave starts to
possess k, and k, components. In addition, the results
obtained at 9800 and 9560 Hz are noticeably noisier than
at fpiac, iMplying a reduction in the transmission coef-
ficient away from fp;.,.. In Figs. 5(d) and 5(e), we plot the
real-space map of the pressure fields at f;,. in the x-y and
x-z planes. Despite the presence of some noise, which is
unavoidable due to the nonideal acoustic condition of our
laboratory, well-defined planar wave fronts are detected,
unambiguously showing that the sound remains a plane
wave after bending twice in the waveguide. These exper-
imental results convincingly demonstrate that at normal
incidence, a plane wave at fp;,. can pass through the PC
and be redirected into another direction with minimal
distortion. This effect is the signature of a DZIM. We note
that the measured fpi,. (9680 Hz) deviates from the
prediction (9742 Hz) by only ~0.6% and is well within
the fabrication tolerance. These results clearly demonstrate
the equivalence of our PC and a 3D DZIM. Our work is not
just about achieving the ‘“‘acoustic periscope” that is
difficult to realize for the frequency range we are interested
in [46], but an important step forward in the realization of
3D DZIM that may benefit more practical applications.

In conclusion, we have for the first time demonstrated
theoretically and realized experimentally a 3D DZIM using
PCs. Because of the combination of lattice symmetry and
accidental degeneracy, the PC exhibits a Dirac-like point at
the Brillouin zone center in the 3D k space. At the
frequency of this point, the effective mass density and
compressibility of the PC approaches zero simultaneously.
Such rare property bestows on PCs intriguing function-
alities of an effective acoustic void space that enables a
nearly perfect sound tunneling through a suitably shaped
3D waveguide. Based on this recipe, we built the first
working 3D DZIM in the form of an acoustic periscope
bending waveguide filled with the PC and demonstrated
that at the Dirac-like point frequency the sound can tunnel
through sharp bends while maintaining a planar wave front.
We have thus not only shown that the concept of DZIM can
be extended to three dimensions, but also demonstrated that
it can serve as a novel platform enabling unprecedented
manipulation of sound in 3D.
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