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homogeneous zero-index metamaterials
for high-directivity antennas and beyond
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Abstract

Zero-index metamaterials (ZIMs) can support uniform electromagnetic field distributions at any frequency, but their
applications are hampered by the ZIM's homogenization level—only 3 unit cells per free-space wavelength, which

is fundamentally limited by the low-permittivity inclusions (g,= 12) and background matrix (g,= 1). Here, by filling
high-permittivity SrTiO; ceramic (g,=294) pillars in BaTiO; (g,=25) background matrix, we demonstrate a highly
homogeneous microwave ZIM with an over threefold increase in the homogenization level. Leveraging such a ZIM,
we achieve not only an antenna, approaching the fundamental limit in the directivity with outstanding scalability,

but also a concave lens with a focal length of as short as 1A,. Our highly homogeneous ZIM has profound implications
in ceramics, ZIM-based waveguides and cavities, free-space wavefront manipulation, and microwave quantum optics,
and opens up enormous possibilities in wireless communications, remote sensing, global positioning satellites, etc.
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1 Introduction
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zero (EMNZ) medium. Based on the definition of the
intrinsic impedance Z = \/u/e, ENZ and MNZ media
show infinite and zero impedance, respectively, result-
ing in an impedance mismatch to regular media with a
finite impedance. In contrast, EMNZ medium depicts
a finite impedance, leading to a good impedance match
to regular media. EMNZ medium is typically achieved
via photonic crystals [18] or doped ENZ medium [19].
Doped ENZ medium usually shows high ohmic losses
because it generally achieves ENZ based on metal or
metal dioxide near plasma frequencies. In contrast,
photonic crystal-based ZIMs are usually obtained via
purely dielectric structures, thus eliminating ohmic
losses.

Photonic crystal-based ZIMs develop EMNZ behavior
via Dirac-like cone (DC) dispersion at the center of the
Brillouin zone. Ideally, such a DC should appear at a free-
space wavelength A,, which is much longer than the lat-
tice constant, to achieve a highly homogeneous DC-based
ZIM (DCZIM) that has a performance similar to that of a
bulk material. However, due to the limited permittivities
of the inclusion and background matrix of DCZIMs, the
DC usually appears at A, which is approximately 3 times
the lattice constant. Such a limitation leads to a large
footprint of DCZIMs because they need at least 5X 5 unit
cells to show an effective zero-index behavior [20]. Fur-
thermore, this large footprint hampers the performance
of many DCZIM-based devices, such as the compactness
of ZIM-based waveguides, the mode area of zero-index
waveguides for nonlinear optics, the minimum single-
mode area of PCSELs, and the minimum thickness of a
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hybrid cloak consisting of a DCZIM covered with a care-
fully designed metasurface [10].

In this work, we synthesized a ceramic—SrTiO;—with
a microwave relative permittivity e, of over 290 consider-
ing the loss-permittivity balance and our synthesis tech-
nique. By fabricating a square array of SrTiO, pillars in
a BaTiO; background matrix, we can develop a DCZIM
(Fig. 1a). This metamaterial’s lattice constant is one tenth
of the free-space wavelength, which satisfies the effective
medium condition [21] that leads to high homogeneity.
By fully leveraging this metamaterial’s highly uniform
in-phase radiation in the near field, we can develop a
high-directivity antenna even when its aperture size (size
of radiation surface) is smaller than the operating wave-
length. This antenna has various applications in wireless
communications, remote sensing, and global position-
ing satellites. Other than antenna, we can also develop
a DCZIM-based concave lens with an ultrashort focal
length. Beyond antennas and lenses, our highly homoge-
neous ZIM can be used for various fundamental research
and potential applications, including ultracompact zero-
index waveguides and cavities [22], ultrathin free-space
zero-index cloaks [10], and high-performance supercon-
ducting quantum computing [23].

2 Results and discussion
2.1 Zero-index metamaterial
For a homogeneous metamaterial with exotic effec-
tive constitutive parameters, the lattice constant a
and the geometric size of its inclusion § must satisfy
%ga,ag 0.01, where A, is the free-space wavelength [21].
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Fig. 1 Schematic and electric field distribution of zero-index materials. a Schematic diagram of the ZIM with a high out-of-plane radiation
directivity under TM excitation. The pitch, radius and height of the metamaterial are g, r and h, respectively. Electric field phase distributions
over the cross sections of b a conventional 5ax5a 2D ZIM with an inclusion relative permittivity equal to 13.8; ¢ a bulk zero-index material
based on the Lorentz model; d the same ZIM as in b whose size is approximately one operating wavelength; and e a 2D ZIM whose inclusion

and background matrix permittivities are 294 and 25, respectively
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Such a criterion requires that 4 and § have to be suffi-
ciently large so that the metamaterial can exhibit extreme
constitutive parameters in the anomalous dispersion
regime. This condition can usually be satisfied by engi-
neering the unit-cell structure of a metamaterial. Further-
more, the homogenization criterion %ﬁ)""s)<0.2 limits
the upper bound of 4 and J, leading to a metamaterial
behaving as a homogeneous bulk medium with effective
constitutive parameters. However, this homogeniza-
tion criterion is generally challenging to satisfy because
it requires a high-permittivity inclusion and background
matrix to achieve anomalous dispersion in the long wave-
length regime. Such high-permittivity materials are usu-
ally unavailable [24] in nature.

As a purely dielectric EMNZ metamaterial, DCZIMs
usually do not satisfy the homogenization criterion
because typical DCZIMs are made by Al,O; (¢,=10)
pillars in an air matrix in the microwave regime [18]
and silicon pillars (¢,=12) in a polymer matrix in the
near-infrared regime [25]. These inclusions and matri-
ces’ low permittivities result in an a/\; from 0.3 to 0.5,
thus significantly restricting the homogenization level.
Such a large a/), limits the minimum surface area of
DCZIM to 2.51,%2.51, because DCZIM needs a sur-
face area larger than 5a X 5a (Fig. 1b) to behave as a bulk
zero-index medium (Fig. 1c). This limitation restricts
the performance of DCZIM-based devices, including
the compactness of supercouplers [18, 26], aperture size
of DCZIM-based antennas [27], thickness of free-space
cloaks [10], mode area of zero-index waveguides for non-
linear optics [14], and radiation area of photonic crys-
tal surface emitting lasers [15, 16]. If we increase the &,
of the inclusion from 12.25 to 294 and the background
matrix from 1 to 25, we can achieve a highly homogene-
ous DCZIM even over a surface area of 1,x 1, (Fig. 1d,
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e, Additional file 1: Sec. S1), leading to great potential in
improving the performance of DCZIM-based devices.

To achieve highly homogeneous DCZIMs, we synthe-
sized and characterized high-permittivity SrTiO; ceram-
ics [28]. To achieve high permittivity, we fabricated
the components of SrTiO; ceramics by the solid-state
method with binder (see “Methods”). Then, we used the
syntonic cavity method to characterize the microwave
permittivity of the SrTiO; sample [29], showing a nearly
dispersiveless ¢, from 292 to 294 and a loss tangent from
9x10™* to 1.45x107% at frequencies of 5-8 GHz. To
determine the crystal structure of the SrTiO; ceramic
compounds, we performed X-ray diffraction (XRD)
measurements. As shown in Fig. 2a, the XRD pattern
is consistent with cubic perovskite SrTiO; (JCPDS:
35-0734), revealing that the main crystal phase of all the
ceramics is SrTiO;. Furthermore, the scanning electron
microscopy (SEM) results show that the polished SrTiO4
sample with a mean grain size of 3-8 pm features good
densification (Fig. 2b).

By using high-permittivity SrTiO; as an inclusion and
BaTiO; (g,=25) as the background matrix, we designed
a highly homogeneous DCZIM in the microwave regime.
By engineering the geometric parameters of a DCZIM
consisting of SrTiO, pillars embedded in a BaTiO5 matrix
(Fig. 1a, Additional file 1: Sec. S2 and S3), we can obtain
a DC dispersion for the fundamental transverse magnetic
(TM) mode at the center of the Brillouin zone at 6.1 GHz
(Fig. 3a). This dispersion corresponds to the fact that the
effective refractive index crosses zero linearly at 6.1 GHz
with a near-zero refractive index (|Re(n)|<0.1) band-
width of ~0.1 GHz corresponding to a relative imped-
ance of approximately 3 (relative to free space) (Fig. 3b).
Such a DCZIM shows a homogenization level as high as

Fig. 2 Material properties of SrTiO; ceramics. a XRD result and b SEM image of SrTiO; ceramics
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Fig. 3 Simulated optical properties of ZIM. a Photonic band structure of the ZIM for TM modes. b The effective refractive index and relative
impedance of ZIM. ¢ Electric field distribution over the cross section of the ZIM. d The radiation rate of the ZIM, featuring a maximum radiation rate

of approximately 6.1 GHz

ally=0.1 due to the high permittivities of the inclusion
and background matrix (Additional file 1: Sec. S4). As
a result of this high homogenization level, this DCZIM
features a highly uniform electric field distribution over
its cross section (Fig. 3c). To achieve a DCZIM-based
antenna with a high gain, we fine-tune the height of the
SrTiO; pillars to engineer the quality factor of the dipole
mode, which forms the DC and behaves as an out-of-
plane radiation channel that achieves a high out-of-plane
radiation rate near the zero-index frequency of ~6.1 GHz
(Fig. 3d, Additional file 1: Sec. S5).

We experimentally fabricated and measured our
design of a highly homogeneous DCZIM. We fabricated
the metamaterial by placing SrTiO; pillars in a BaTiO4
matrix that was polished by mechanical milling (Fig. 4a).
We retrieved the effective constitutive parameters of the
metamaterial sample from the experimentally measured
transmission and reflection coefficients [30]. As shown in
Fig. 4b, the measured &% and #,°f show good agreement

with those calculated from the simulated transmission
and reflection coefficients. Both measured and simulated
" and u,° cross zero simultaneously and linearly at
approximately 6.1 GHz, corresponding to an impedance-
matched zero index. To further validate the zero-index
behavior of the metamaterial, we simulated and experi-
mentally measured the near field over the top surface of
the metamaterial (Additional file 1: Sec. S6). As shown in
Fig. 4c, d, both the simulated and measured near fields
show that the wave propagates through the metamaterial
with nearly zero phase advance. To the best of our knowl-
edge, this is the first demonstration of a DCZIM satisfy-
ing the rigid homogenization criterion [21].

2.2 From conventional antennas to ZIM-based antenna

Directivity—the ratio of antenna’s radiation inten-
sity along a certain direction to that of an isotropic
radiator—is the most important parameter for char-
acterizing an antenna’s radiation property [31].
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Fig. 4 Experimental and simulated results of ZIM. a Photograph of the ZIM sample with two taper waveguides as input and output. b Simulated
and measured effective relative permittivity and permeability. ¢, d Simulated and measured near-field distributions over the top surface of the ZIM

Fig. 5 Electric field phase distributions and far-field radiation patterns of a patch antenna, a zero-index medium-based antenna,
and a DCZIM-based antenna. a The nonuniform spatial phase distribution over the patch antenna results in a low directivity. b, ¢ The uniform spatial
phase distributions over the zero-index medium and DCZIM lead to high directivities

High-directivity antennas are desirable for many appli-
cations such as remote sensing. However, directivity of
conventional antennas is usually limited by the nonu-
niform spatial phase distribution over the radiation
aperture (Fig. 5a). Here, we propose to achieve a high-
directivity antenna by harnessing the uniform spatial

phase distribution over a zero-index medium (Fig. 5b).
Such an antenna can achieve a high directivity regardless
of its aperture size, approaching the fundamental limit
in antenna directivity [32]. To achieve this antenna, we
need a highly homogeneous metamaterial (Figs. 1a, e, 5¢)
which can show zero-index behavior over a wide range of
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sizes from deep subwavelength scale to a scale of many

2.3 Zero-index metamaterial-based high-directivity
wavelengths.

antenna
To fully leverage the high homogeneity of our DCZIM,
we designed a high-directivity DCZIM-based antenna
with an aperture size varying from the subwavelength
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Fig. 7 Photograph, simulated and experimental results of a DCZIM-based concave lens. a Photograph of the DCZIM-based concave lens sample.
b measured field, ¢ simulated field intensity in the near-field region over the top surface of the concave lens sample. Black circles indicate

the positions of SrTiO; pillars

scale to a very large scale. As shown in Fig. 6a, this
antenna consists of a DCZIM embedded in a metal-
lic rectangular waveguide with the upper surface open,
serving as the radiation aperture. To improve the homo-
geneity along the y-axis, we designed perfect magnetic
boundary conditions for the TM modes along the y-axis,
which are equivalent to periodic boundary conditions
(Additional file 1: Sec. S7). This antenna is excited in the
direction parallel to the plane of the SrTiO; pillars array.
Along this direction, good impedance matching can
be achieved because of the finite impedance of DCZIM
along this direction (Fig. 3b). To match the tangential
momentum of the EM wave at the interface between the
upper surface of the DCZIM and the air, the EM wave
radiates out of the DCZIM along the axis direction of the
SrTiO, pillars. Such radiation shows a high directivity
because of the uniform distribution of the EM field over
the upper surface of the DCZIM (Fig. 4c, d). Further-
more, this high directivity remains as long as the aperture
size is larger than 5ax5a (0.51,%0.51,), enabling a high
directivity antenna with an aperture size from the sub-
wavelength scale to a very large scale (Additional file 1:
Sec. S8 and S9). Hence, our antenna can approach the
fundamental limit with regards to the antenna directivity
when the aperture size varies from 0.51,% 0.5, to a very
large scale [31].

We experimentally fabricated and tested a DCZIM-
based antenna. We designed a tapered waveguide to
achieve fundamental TM mode excitations for the
DCZIM-filled waveguide (Fig. 6a). Such a tapered wave-
guide, on the other hand, is connected to a rectangu-
lar waveguide input by a microwave source. To test this
DCZIM-based antenna’s directivity, we fabricated an
antenna with an aperture size of 12a X124 (1.21,% 1.21),
featuring a high directivity in the far field (Fig. 6b) by har-
nessing the in-phase radiation over its aperture (Fig. 4c,
d). As shown in Fig. 6¢, d, the measured directivity pat-
terns show good agreement with those computed by

full-wave simulations in both the E-plane (y—z plane
in Fig. 6a) and H-plane (x—z plane in Fig. 6a). Both the
experimental and simulation results feature a maximum
directivity of approximately 11.2 dB. We confirmed that
this high directivity is induced by the DCZIM rather than
the waveguide itself or the high-permittivity ceramic-
filled waveguide by comparing the directivities of the
DCZIM-based antenna, waveguide, and high-permittiv-
ity ceramic-filled waveguide (Additional file 1: Sec. S10).
To test the overall impedance-matching performance of
the DCZIM-based antenna, we measured its reflection
coefficient (Fig. 6e), showing a valley of —35 dB near
the operating frequency of 6.1 GHz. Finally, as a rational
comparison between our antenna’s directivity and the
fundamental limit of the directivity [31], we simulated
the directivities of 8 DCZIM-based antennas with aper-
ture sizes varying from 0.8, 0.8, to 1.51,X 1.5\,

To demonstrate the performance of DCZIM-based
antenna, we compare its directivity with those of dielec-
tric antennas whose working principle is similar to that
of DCZIM-based antenna [35-40]. As shown in Fig. 6f,
measured directivities of all the antennas support the
fact that directivity increases as aperture size increases.
When the aperture size is smaller than 2.41,% only a mul-
tilayered cubic antenna [37] and a DCZIM-based antenna
with an aperture size of 0.61,> show directivities higher
than the directivity limitation. However, the multilayered
cubic antenna’s aperture size is not scalable. In contrast,
our DCZIM-based antenna can always approach the fun-
damental limit of the directivity when the aperture size
varies from 0.4/102 to 2.4/102 (Additional file 1: Sec. S11).

To demonstrate the wave manipulation capability of
our ZIM, we made a DCZIM-based concave lens (Fig. 7a).
As shown in Fig. 7b, ¢, both simulation and measurement
results show that the spatial phase is uniformly distrib-
uted over the ZIM, leading to the spherical output wave-
front determined by the concave output boundary of
the ZIM. Such a spherical wavefront forms a clear focal
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point, demonstrating the focusing ability of this DCZIM-
based lens whose focal length is as short as 11,% Such a
small concave lens is enabled by the high homogeneity
of our ZIM. In addition to antenna, our DCZIM can also
achieve applications in cloaking by embedding air holes
inside the ZIM (Additional file 1: Sec. S12).

3 Conclusion

We synthesized high-permittivity ceramic SrTiO; with
a microwave relative permittivity over 290. Based on
this ceramic, we designed, fabricated, and characterized
a highly homogeneous ZIM in the microwave regime.
Such a ZIM consists of a square array of SrTiO, pillars
in a BaTiO; background matrix, showing an impedance-
matched zero index at 6.1 GHz. By taking advantage of
the high permittivity of the inclusion and background
matrix, this ZIM features a homogenization level of
alAy=0.1, which is over 3 times higher than that of the
state-of-the-art ZIM. This ZIM could boost the perfor-
mance of several ZIM-based devices, such as the com-
pactness of ZIM-based waveguides with arbitrary shapes,
the thickness of free-space cloaks, and the complexity of
the object that can be shielded by cloak. We proposed
and demonstrated a high-directivity antenna by incorpo-
rating our ZIM into a metallic waveguide. This antenna
can achieve a directivity as high as 11.2 dB with an aper-
ture size as small as 1.21,% 1.2A,. Moreover, our antenna
can achieve a high directivity when its aperture size var-
ies from 0.51)x 0.5, to a very large scale, enabling it to
approach the fundamental limit of the antenna direc-
tivity in a large range of aperture sizes. In comparison
with dielectric antennas, our DCZIM-based antennas
depict comparable directivities and a better scalability.
This DCZIM-based antenna has broad applications in
wireless communications, remote sensing, and global
positioning satellites. Other than antenna, we also real-
ized a DCZIM-based concave lens showing a focal length
as short as 11,. Beyond antennas and lenses, our highly
homogeneous DCZIM has profound implications in
ceramics, ZIM-based waveguides and cavities, free-space
wavefront manipulation, and microwave quantum optics.
Moreover, DCZIM can also achieve negative and positive
effective indices, which can be applied in several fields
including wavefront engineering [33], imaging, and sens-
ing [34].

4 Methods

4.1 Synthesis

The SrTiO; ceramic was synthesized by solid state
method. This ceramics samples were prepared by a con-
ventional mixed-oxide route starting from high-purity
SrCO; and TiO, powder. The powders were mixed in a
cyclohexanol suspension for 1 h, ball milled for 3 h and
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subsequently calcined at 1050 °C for 18 h. The synthe-
sized powders were then uniaxially pressed into cylin-
ders, which were sintered at 1375 °C for 6 h and then at
1100 °C for 4 h.

4.2 Simulations

The complex permittivities of Sr'TiO; used in our numer-
ical simulations are measured by using syntonic cav-
ity method. We computed the photonic band structure
by using 3D finite-elements method (FEM) simulation
software COMSOL. We computed complex reflection
and transmission coefficients and far-field radiation pat-
terns using 3D FEM simulation software Ansys HESS.
We computed the complex reflection and transmission
coefficients, field distributions over the cross section of
the metamaterial by using finite difference time domain
(FDTD) simulation software Ansys Lumerical. To get
the complex reflection and transmission coefficients, we
extracted the reflected and transmitted electric fields at
two points prior to the source and after the metamaterial,
respectively.
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