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Supplementary Figure 1. Comparison of single and double zero index
metamaterials. (a, b) Dispersion relations of c-dimensional arrays of cylindric
scattererswith lattice constant 2.7 cm and 3 cm, respectivélye frequencies a
normalized with the zero index freque fp of the associated structure. For latl
constant 3 cm, the same as the structure in tha teat, a Dirac cone is observe
giving doubk zero index properties. The three bands forming Ehrac cone ar
highlighted with red curves. Once the lattice cansis detuned to 2.7 cm, the Dii
cone opens up to a bandgap, resulting in single inelex properties. (c, d) Full wa
simulation & transmissions of or-dimensional double and single zero in
metamaterials with eight unit cells for normal ohence, respectively. Hic
transmission can be observe for double zero indetamaterial. A large portion
acoustic energy is reflected the single zero index metamaterial, resulting iova
transmission through the medium. (e) Simulated )(radd measured (blac
transmission through the double zero index metamahi@nd simulated transmissi
through the single zero index metamaterblue) between 0.97, and 1.03 f, for
normal incidence. The simulated and measured trigsgns of the double zero ind
metamaterial are 91% and 86%, respectively. Thih hransmission is a result
impedance matching between our designed doubleindex metamaterial and tl
surrounding waveguide. Due to impedance mismataly, 8% transmission can |
observed for the single zero index metamat:
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Supplementary Figure 2. Effective medium model of the double zero index
metamaterial for the first order waveguide mode. (a) Normalized effective densi
and inverse bulk modulus. At 18.7 kHz, the effeetidensity and inverse bu
modulus are simultaneously zero. (b) Normalizedaative index and impedanc
The imaginary part of the refractive irx is about 2.5x16 represented by the bl
dashed line. At 18.7 kHz, the refractive indexasazand the impedance matches
background waveguide. Both (a) and (b) are sufficte demonstrate double ze
index properties.
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Supplementary Figure 3: Dispersion relation of the first order waveguide mode.
The red and blue curves correspond to the thinndrthicker waveguides with air
channel thicknes$, = 10 mm andh; = 14.5 mm, respectively. At 18.7 kHz, the
thinner waveguide has smaller wave vector, regulimlarger phase velocity. The
ratio between the refractive indices, inverselyportional to the associated phase
velocities, isn, /ny, = 1.94.
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Supplementary Figure 4: Theoretical limits of directivity. (a, b) Normalized fields
of plane waves generated by the zero index metaialate our experiment and a line
source with the same size in simulation, respegtivéhe directivity of our
experimental result shown in (a) isft1 degrees, close to the simulation of the line
source shown in (b). (c) Theoretical limits of direity with varying line source
dimension. Line source with larger dimension getesrgplane waves with better
directivity. The line source with length 6.5 wavalghs shown as the star in (c)
corresponding to (b) has a limit 10.6 degrees.



Supplementary Note 1. Single zero index metamaterial

To investigate the difference between double andlsizero index metamaterials, we
detune the lattice constant of our designed stradtw 2.7 cm that opens up the Dirac
cone at the Brillouin zone centre (Supplementagufés 1a, b), resulting in a single
zero index metamaterial. The full wave simulati@isone-dimensional waveguides
with eight unit cells of single and double zeroardnetamaterials for normal incident
first order waveguide mode plane wave at the zedex frequencyp are shown in
Supplementary Figures 1c, d, respectively. Thedselde walls act as periodic
boundaries as discussed in the main text. Therrigsgn through the single zero
index metamaterial is much lower than the doubleo zendex metamaterial.
Supplementary Figure l1le shows the simulated (redd aneasured (black)
transmission through the double zero index metamahtand the simulated (blue)
transmission through the single zero index metamahtel'he transmission through
the double zero index metamaterial has the same \ticussed in the main text. At
the zero index frequendy, a bandgap can be observed due to impedance rolsmat
resulting in 30% transmission through the singl® zedex metamaterial.

Supplementary Note 2: Effective medium model

To further confirm that our designed metamatesa double zero index metamaterial,
we retrieve the effective material parameters slad containing five unit cells by
measuring the transmission and reflection in olirvi@ve simulation with normal
incidence [1]. The normalized effective density dodk modulus are simultaneously
zero at the Dirac point frequency, indicating tkiz¢ metamaterial presents double
zero index properties at this frequency (SuppleargntFigure 2a). This
characterization is equivalent to the model withaetive index and impedance. The
normalized index is zero at 18.7 kHz, and the inaped matched with the
surrounding waveguideZ(= 1.1Z,for simulation andZ = 1.3Z, for experiment
shown in the main text, witlX, to be the impedance of the plain waveguide). The
measured imaginary part of the refractive indexaiout 2.5x18 through the
measured frequency range (blue dashed line in Sopgitary Figure 2b), confirming
that the metamaterial has zero real and imaginariy g the refractive index at 18.7
kHz.

Supplementary Note 3. The first order waveguide mode and its

sound speed

The first order waveguide mode is acoustic wave@gating in a waveguide whose



maximum pressure amplitudes occur at the two baisslaf the waveguide and are
phase opposite. Thus, the pressure distributiongalbe z-axis is anti-symmetric
about the centre line of the waveguide. Such éirder waveguide mode is used in all
of our experiments because the designed zero tedndex material works for this
acoustic propagating mode. The wave number along-alxis is

k=1, (1)
whereh is the height of the waveguide. Based on the loalah linear momentum, the
propagating wave number alor@xis is

lf 7
k,=+/k?-k2 = Py (2)

wherek is the total wave numbery the angular frequency, ang = 343 ms™? is
the sound speed in air. Thus, the sound speeca dirgh order waveguide mode is

o (17 )
c—k—x—[ c_§ a:zth . 3)

Supplementary Eg. (3) indicates that a waveguidé \arger air channel thickness
exhibits lower phase velocity. This result is comied by the dispersions of
waveguides with different air channel thicknessvamon Supplementary Figure 3.
The red (blue) dispersion curve for the first ordeweguide mode corresponds to the
waveguide with thinner (thicker) air channel. Atetlsame frequency, the red
dispersion curve associated with thinner air chbhag smaller wave vector, resulting
in larger phase velocity. For waveguides with 10 rand 14.5 mm, the ratio of
refractive indices inversely proportional to phasadocity isn,/n, = 1.94 at the
Dirac point frequency (18.7 kHz).

Supplementary Note 4: Directivity

The directivity of a plane wave can be expressedhasangle over which the
amplitude of the plane wave is confined. As diseddssa the main text, the amplitude
generated by our zero index metamaterial sampléteeixdy a point source is
confined within 111 degrees (Supplementary Figure 4a). A line sowite the
same dimension (30 cm, i.e. 6.5 wavelengths) géngra plane wave at 18.7 kHz is
simulated by COMSOL 3.5b and shown in Supplemerftagyre 4b. The comparison
between the experimental and simulated fields atdk that the directivity
performance of the zero index metamaterial is clmseéhe theoretical limit. The
theoretical limits of directivity with different ie source dimensions are calculated
(Supplementary Figure 4c). The directivity perfono@ improves as the length of the
line source becomes larger because line sourcesmll dimensions compared with
the wavelength behaves like a point source. Fameadource with length 30 cm, the
theoretical limit of directivity is 10.6 degrees stsown by the star in Supplementary



Figure 4c. This result confirms that the directiiierformance of our sample is neat
the theoretical limit.
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