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The in-plane negative refraction of high-momentum (i.e., high-%) photonic modes could enable many applica-

tions such as imaging, focusing, and waveguiding in a planar platform at deep-subwavelength scales. However, its
practical implementation in experiments remains elusive so far. Here we propose a class of hyperbolic metasur-
faces, which is characterized by an anisotropic magnetic sheet conductivity and can support the in-plane ultra-

high-%# magnetic designer polaritons. Based on such metasurfaces, we report the experimental observation of the
all-angle negative refraction of designer polaritons at extremely deep-subwavelength scales. Moreover, we directly
visualize the designer polaritons with hyperbolic dispersions. Importantly, for these hyperbolic polaritons, we

find that their squeezing factor is ultra-large. To be specific, it can be up to 129 in the experiments, an ultra-high
value exceeding those in naturally hyperbolic materials. This work may pave a way toward exploring the extremely
high confinement and unusual propagation of magnetic designer polaritons over monolayer or twisted bilayer

hyperbolic metasurfaces. ~© 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.424739

1. INTRODUCTION

Three-dimensional hyperbolic media are characterized by the
anisotropic permittivity or permeability tensor, with a principal
component being opposite in sign to the other two principal
components [1-6]. One of the most important properties of
hyperbolic media is that they support photonic modes with
high momentum [1 order larger than photons’ momentum
in free space (denoted as k)], allowing for confining photons
at deep-subwavelength scales. The high-momentum or high-4
modes play a crucial role in many applications of hyperbolic
media [5], such as low-threshold Cherenkov radiation [7,8],
enhanced spontaneous emission [9], super-Planckian thermal
emission [10,11], ultra-sensitive sensors [12], and subwave-
length imaging [13]. Recent research has revealed that such
high-# modes also exist in ultra-thin hyperbolic media, or
two-dimensional (2D) hyperbolic media, such as hyperbolic
metasurfaces (e.g., nanostructured van der Waals (vdW) ma-
terials [14], designed metal-based metasurfaces [15-19]), and
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slabs of naturally hyperbolic materials [20] (e.g., the uniaxial
boron nitride (BN) [21-23], the biaxial vdW crystal
a-MoOj [24,25]).

Realization of in-plane negative refraction of high-# modes
is of great significance and interest due to its unique applica-
tions such as imaging, focusing, and waveguiding in a planar
platform at deep-subwavelength scales [26-28]. Such a goal has
become a possibility, thanks to the advent of artificial hyper-
bolic metasurfaces and naturally hyperbolic materials. Though
the negative refraction of hyperbolic surface plasmon polaritons
(SPPs) was previously experimentally demonstrated at an inter-
face between a hyperbolic metasurface and a flat silver film,
both the SPPs on the silver film and hyperbolic metasurface
are relatively weakly confined (their wave vectors are usually
less than 34g) [16]. This approach cannot directly apply to
the high-# modes, as the high-£ surface-wave modes are usually
strongly reflected or scattered when coupling to low-4# modes
(such as SPPs on the silver film), owing to the large in-plane
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and out-of-plane momentum mismatching [29]. Therefore, to
achieve in-plane negative refraction of high-# modes, the dis-
persions in both regions need to be precisely engineered. One
straightforward way to do so is to employ two materials/struc-
tures supporting high-# modes with opposite group velocities.
For example, graphene supports high-4# plasmon polaritons
with positive group velocity, and BN supports high-4 phonon
polaritons with negative group velocity in its first reststrahlen
band [27]. Moreover, by judiciously tuning the chemical po-
tential of graphene and the thickness of BN, it is possible to
flexibly flip the sign of the group velocity of the hybrid polar-
itons in graphene—BN heterostructures. As such, graphene-BN
heterostructures can be a versatile platform to support the in-
plane negative refraction of high-# modes. However, the opera-
tional frequency bandwidth of negative refraction in graphene—
BN heterostructures is within the first reststrahlen band of BN
and is thus very narrow. Such a strict requirement is then ex-
perimentally unfavorable and challenging. Recently, Jiang et 4/.
proposed to realize the broadband all-angle negative refraction
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of high-# hyperbolic plasmon polaritons at an interface
constructed by two identical nanostructured graphene metasur-
faces with different rotation angles [28]. However, both fabri-
cation and experimental characterization of such graphene
metasurfaces are quite challenging. In short, although there
are some theoretical proposals of in-plane negative refraction
of high-# modes, their practical realization in experiments
has not been reported so far.

To overcome the above challenges, we propose, design, and
fabricate a class of hyperbolic metasurfaces characterized by an
anisotropic magnetic sheet conductivity (denoted as o,,)
[30,31], which supports in-plane ultra-high-£# magnetic de-
signer polaritons [32]. Based on such metasurfaces, all-angle
negative refraction of ultra-high-# designer polaritons is ob-
served in the experiments [see Fig. 1(a)]. Moreover, our micro-
wave measurements directly show that the designer polaritons
indeed exhibit in-plane hyperbolic dispersions and have ultra-
squeezed wavelength down to 129 times smaller than the free-
space photons’ wavelength (denoted as 4¢). Such an ultra-high
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Fig. 1. Anisotropic-6,, hyperbolic metasurface. (a) Schematic view of in-plane negative refraction based on the designed hyperbolic metasurface.
The hyperbolic metasurface in the right region is rotated by 90°, comparing with the left one. The black arrows indicate the power flow. (b) Left
panel: photograph of the fabricated sample. The sample is composed of arrays of coiling copper wires patterned on dielectric substrates. Right panel:
details of a unit cell. Here, 2 = 15.2 mm, 4 = 9 mm, » = 2 mm, # = 2 mm, w = 0.2 mm, and ¢ = 0.2 mm. The relative permittivity of the
substrate is 3.5 + 0.001:. The thickness of copper wires is 0.035 mm. The number of coil turns is 14. (c) Numerically-calculated Im(o,,) of
the metasurface. Blue (red) solid line represents values of Im(a,,) [Im(c,,)]. Black dashed line denotes a value of zero. (d) Iso-frequency contours
of the hyperbolic metasurface in the first Brillouin zone. The frequency values are normalized by (¢/2) x 1072,
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squeezing factor (defined as 4g/4,, where 4, is the designer
polaritons’ wavelength, or k,/ky) exceeds those in naturally
in-plane hyperbolic materials demonstrated previously (usually
less than 60 in the experiments) [24,25]. Our work provides a
distinctive way to achieve in-plane negative refraction of ultra-
high-£ modes, which could apply to other in-plane hyperbolic
materials. Additionally, our metasurfaces are readily tailorable
in frequency and space, which form a highly variable platform
for exploring the extremely high confinement and unusual
propagation of in-plane hyperbolic polaritons.

2. RESULTS

We start with the arrays of coiling copper wires patterned on
dielectric substrates [see Fig. 1(b)], where the surface currents
flowing along the spiral coils produce strong magnetic dipole
moments vertical to the coils. An enlarged view of a unit cell is
shown in the right panel of Fig. 1(b), where the gray region
denotes the dielectric substrate with relative permittivity
€, = 3.5+ 0.001; and thickness # = 2 mm, and the orange
region represents a 35-pm coiling copper wire with inner radius
r =2 mm, width w = 0.2 mm, gap ¢ = 0.2 mm, and the
number of coil turns N = 14. The periods are 2 = 15.2 mm
(x axis) and & = 9 mm (y axis), respectively.

We then numerically calculate the iso-frequency contours
(IFCs) of the fundamental mode of the proposed hyperbolic
metasurface in the first Brillouin zone (FBZ) by employing
the eigenvalue module of a commercial software Computer
Simulation Technology (CST) Microwave Studio, as shown in
Fig. 1(d). One can see that the IFCs are open hyperbolas from
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0.735 x 1072(¢c/a) t0 0.885 x 1072(c/a). Here, c is the velocity
of light in free space. In addition, the magnetic field is highly
confined in both the vertical and horizontal directions, indicat-
ing the surface-wave nature of the eigenmodes (see
Appendix A). Also, the operational wavelength is around
2 x 103> mm, which is much larger than the thickness of the
metasurface (i.e., 15.2 mm). Note that there are distortions
in the hyperbolic dispersions near the edge of the first
Brillouin zone. This is because the corresponding wavelength
of designer polaritons is comparable with the size of the unit
cell, and the metasurface cannot be described by the effective
sheet conductivity model precisely.

To understand the behaviors of the designer polaritons over
the metasurface, we model the proposed hyperbolic metasur-
face as a 2D magnetic sheet conductivity layer with infinitesi-
mal thickness surrounded by two vacuum half-spaces [33,34].
Here we consider the hyperbolic metasurface as a lossless
medium because ohmic losses of the substrate and copper
are negligible at microwave frequencies. Then, by adopting a
standard retrieval method [30], we extract the magnetic sheet
conductivity of the metasurface:

e Oy 0
o= ( 0 %>. ()

The resulting o, plot is shown in Fig. 1(c), where Im(o,,)
and Im(c,,) are opposite in sign from 0.735 x 1072(c/a) to
0.885 x 1072(¢/a), indicating a hyperbolic frequency band.
The corresponding dispersion relation of the designer
polaritons is

Fig. 2. Measured magnetic field distributions and iso-frequency contours. (a) Measured magnetic patterns of A, field in the real space on the xy
plane 3 mm over the hyperbolic metasurface at 0.765 x 1072(¢c/a), 0.805 x 1072(c/4), 0.846 x 1072(c/a), and 0.881 x 1072(¢c/a), respectively. The
yellow star indicates the source position. The color bar measures the real part of /.. (b) Iso-frequency contours in the momentum space obtained by
applying spatial Fourier transform to the corresponding complex H, field. The color bar measures energy intensity.
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where £, are the wave vectors in the xy plane and 7 is the
characteristic impedance of vacuum [33,35]. Note that, as
transverse magnetic (TM) modes here are barely confined
on the metasurface, we mainly focus on transverse electric
(TE) modes with out-of-plane electric field and in-plane mag-
netic field. Here, the plane of incidence is formed by the nor-
mal to the boundary surface and the incident wave vector,
which is vertical to the metasurface plane [28,33]. Comparing
the analytical and simulated dispersions, we find a good agree-
ment between them (see the Appendix C).

In the following, we carry out experiments to characterize
the proposed hyperbolic metasurface. The experimental sample
consists of 20 by 32 unit cells. To excite the designer polaritons
efficiently, a port of the vector network analyzer (VNA) is di-
rectly connected to a coil unit cell at the edge of the metasur-
face. Another port of the VINA is connected to a detector that
is a compact coil with a magnetic resonance around
0.806 x 107%(c/a). The coil-like detector that oriented in
the z-direction is fixed at a robotic arm of a moving platform
and moves on the xy plane 3 mm above the metasurface. By
scanning the sample, the complex magnetic patterns of A, field
(including phase and amplitude) are recorded. The size of the
scanning region is approximately 250 mm by 250 mm, with a
resolution of 15.2 mm by 9 mm. See the details of the
experimental setup in the materials and methods.

The measured field patterns are shown in Fig. 2(a). One can
directly observe the significant feature of hyperbolic designer
polaritons, that is, concave polariton wavefronts. We note that
weak reflection can be noticed from the measured field patterns
[see the field pattern at 0.805 x 107%(¢/4) in Fig. 2(a)], owing
to the finite size effect of the metasurface. For further proof of
in-plane hyperbolic dispersions, we extract the IFCs in the mo-
mentum space by applying spatial Fourier transform to the cor-
responding complex field patterns [see Fig. 2(b)]. One can see
that the measured IFCs are indeed hyperbola-like curves (see
Appendix D), thus experimentally corroborating the simulated
IFCs [Fig. 1(d)]. Note that there is a bright spot at the center of
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the FBZ at each frequency, which attributes to the radiation
noise [19].

Next, we retrieve the squeezing factors of the hyperbolic de-
signer polaritons, whose maximal value is determined by the
period of the unit cell and the operational wavelength. As
shown in Fig. 3(a), the squeezing factors of the in-plane polar-
itons are remarkably large, with a maximum value of 129 in
both experiments and simulations, revealing the ultra-high-%
nature of the hyperbolic designer polaritons. Note that com-
pared with the squeezing factors in the previous in-plane hyper-
bolic metasurfaces or naturally in-plane hyperbolic materials
such as vdW crystal a-MoQOj3, which are usually less than
60 [24,25], the maximum squeezing factor achieved in our ex-
periments is an ultra-high value. Figure 3(b) depicts the IFC
directly obtained by applying spatial Fourier transform to the
corresponding complex field pattern of /, at 0.76 x 1072(c/a)
[Fig. 3(c)] where the squeezing factor is maximal.

Finally, we experimentally realize the in-plane negative re-
fraction of the designer polaritons, based on the present aniso-
tropic-6,, hyperbolic metasurface. We first construct an
interface consisting of two identical metasurfaces apart from
a 90° rotation [see the schematic in Fig. 1(a)]. A point source
is placed at the center of the left region, and hyperbolic designer
polaritons with concave wavefronts are launched. Remarkably,
the designer polaritons are negatively refracted at the interface,
with the incident and refracted beams on the same side of the
normal, as shown in Fig. 4(a). This intriguing phenomenon can
be explained by the measured IFCs of both regions, as illus-
trated in Fig. 4(b). One can see that the directions of the y-
component of group velocities (parallel to the interface) are op-
posite for incident and refracted polaritons, according to the
conservation law where the tangential components of the wave
vectors in left and right regions should be matched. As the
group velocity determines the direction of power flow, negative
refraction of designer polaritons occurs at the interface [28].
Note that parasitic noise can be spotted from the measured field
patterns, owing to the reflection from the interface between two
metasurfaces and from the metasurface edges.

Additionally, the negative refraction also occurs at other
frequencies, e.g.,  0.735x1072(c/a), 0.765 x 10%(c/a),
0.775 x 1072(c/a), as shown in Fig. 4(c), which indicates
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Fig. 3. Achieving an ultra-high squeezing factor in our hyperbolic metasurface. (a) Retrieved squeezing factors of the designer polaritons from
simulated and experimental results. An ultra-high squeezing factor of 129 at 0.76 x 1072(¢c/4) is observed. (b) Measured momentum space at
0.76 x 1072(¢/a). The color bar measures the energy intensity. (c) Measured H, field on the xy plane 3 mm over the hyperbolic metasurface
at 0.76 x 1072(¢/a). The excitation is marked as a yellow star. The color bar measures the real part of H,.
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Fig. 4. Experimental validation of all-angle in-plane negative refraction of ultra-high-£ designer polaritons. (a) Measured /, field on the xy plane
3 mm above the hyperbolic metasurface at 0.75 x 1072(¢/4), indicating negative refraction. The vertical black dashed line denotes the interface. The
horizontal black dashed lines are normals. The excitation is marked as a yellow star. The yellow arrows represent the directions of the power flow. The
color bar measures the real part of /. (b) Measured momentum space of the hyperbolic designer polaritons in the left and right regions at
0.75 x 1072(¢c/a), respectively. The green arrows indicate the directions of group velocities (power flow). The color bar measures energy intensity.
(c) Measured H, field at 0.735 x 1072(c/a), 0.765 x 107%(c/a), and 0.775 x 1072(¢c/a), respectively.

the relatively broad operational bandwidth. We want to men-
tion that for any designer polaritons launched in the left/right
region, the negative refraction always happens at the interface
regardless of the incidence angle. Therefore, we denote such a
phenomenon as all-angle in-plane negative refraction
[27,28,36,37]. We note that the negative refraction could
not be observed at the frequency above 0.83 x 1072(c/a), be-
cause the y-component momenta of the designer polaritons in
two hyperbolic metasurfaces could not match with each other
at higher frequencies.

3. DISCUSSION

We have thus proposed and experimentally identified a class of
hyperbolic metasurfaces characterized by an anisotropic mag-
netic sheet conductivity, which supports ultra-high-4 in-plane
magnetic designer polaritons featuring with hyperbolic disper-
sions. Based on the proposed metasurface, all-angle in-plane
negative refraction of the ultra-squeezed designer polaritons
with good impedance matching is observed experimentally.
Remarkably, an ultra-high squeezing factor of 129 is achieved
in the experiments, which exceeds those in the naturally or ar-
tificially in-plane hyperbolic materials demonstrated previously.
The present scheme for the achievement of negative refraction
is also applicable to other natural materials and may enable in-
triguing applications. In addition, the present metasurfaces
with highly squeezing factors and tunability could serve as
an excellent platform to explore the applications and physics
of in-plane hyperbolic polaritons. For example, it would be

interesting to investigate the topological designer polaritons
and magic angles in twisted bilayer hyperbolic metasurfaces
[38—42]. By scaling down the unit cell, our design could apply
to higher frequencies based on the modern nanofabrication
technology (see the Appendix E), such as terahertz and far-
infrared frequencies and may find many applications in flatland
optics, e.g., waveguiding, imaging, and focusing [43,44]. As
the hyperbolic polaritons in natural van der Waals materials
are usually limited to optical and near-infrared frequencies,
the present metasurface design working well from microwave
to far-infrared frequencies could be excellently complementary
to the naturally hyperbolic materials.

APPENDIX A: THE MAGNETIC FIELD
DISTRIBUTIONS OF THE EIGENMODES

Figure 5 illustrates the field distributions of eigenmodes, which
manifests that the magnetic field is highly confined in both ver-
tical and horizontal directions, indicating the surface-wave
nature of eigenmodes.

APPENDIX B: INFLUENCE OF GEOMETRY
PARAMETERS ON THE MAGNETIC
HYPERBOLIC POLARITONS

We study the influence of different geometry parameters on the
magnetic hyperbolic polaritons. As shown in Figs. 6(a) and
6(b), one can see that when enlarging the periodicity along
the x or y axis (2 or ), the bandwidth of the hyperbolic region
(along £,) decreases. The extremely large periodicity would lead
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Fig.5. Side and top views of magnetic field distributions of eigenm-
odes, respectively. The color bar measures the amplitude of the mag-
netic field.

to a flat band with a narrow bandwidth centered at the mag-
netic resonance frequency of a single isolated coil. We also
study the relations between dispersions and number of turns
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Fig. 6.

of coils 7, as shown in Fig. 6(c), which manifests the number
of turns determines the frequency range of metasurface disper-
sions. In addition, the dispersions dramatically change when
altering the substrate thickness # under 1.5 mm, while the dis-
persions almost keep the same when the thickness is larger than
1.5 mm [see Fig. 6(d)].

In our experiments, considering the convenience of fabrica-
tion and measurement, we choose the current geometry param-
eters as described in the main text. However, we would like to
mention that the hyperbolic behavior of the designer polaritons
over our designed metasurface is generally robust. Its existence
is not sensitive to moderate parameter changes.

APPENDIX C: DERIVATION OF THE
DISPERSIONS FROM AN ANISOTROPIC
MAGNETIC SHEET CONDUCTIVITY

In this section, we analytically determine the dispersion rela-
tions of the designer polaritons on the hyperbolic metasurface.
We assume the hyperbolic metasurface locates at z = 0 plane
between region 1 (air, z > 0) and region 2 (air, z < 0). Note
that the thickness of the metasurface is 15.2 mm, which is typ-
ically much smaller than the operational wavelength in free
space (denoted as Ay = 2 x 10> mm). Therefore, the hyper-
bolic metasurface can be considered as an ultra-thin uniaxial
metasurface defined by the sheet conductivity:

b
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Influence of different geometry parameters on the magnetic hyperbolic polaritons. (a) Dispersions of the metasurface with different

periodicity along the x axis (¢'). Other parameters keep constant, i.e., 4’ = 9 mm, »" = 14, and ' = 2 mm. (b) Dispersions of the metasurface
with different periodicity along the y axis (4"). Other parameters keep constant, i.e., 2 = 15.2 mm, n' = 14, and #' = 2 mm. (c) Dispersions of the
metasurface with different number of turns of coils ('). Other parameters keep constant, i.e., ' = 15.2 mm, ' =9 mm, and #' = 2 mm.
(d) Dispersions of the metasurface with different thickness (¢'). Other parameters keep constant, i.e., ' = 15.2 mm, 6’ = 9 mm, and »’' = 14.
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For simplicity, we define a new x'y’z coordinate system that is
rotated by an angle ¢ on the xy plane comparing with the origi-
nal xyz coordinate system, and the direction of the wave vector
of the designer polaritons is x’". According to the #DB system,
the sheet conductivity 6’ in the new coordinate system can be
written as

-1

&=T35-T
Oy sin’g + 0, cos’p (0, - 0,)sin ¢ cos ¢ 0
= | (6 -0y)sin @ cos ¢ 0, cos’p +0,,sinp 0 |,
0 0 0
sin ¢ -cos @ 0
where 7 = | cos @ sing -sing@ and
0 0 1
singp cosq O
T'=| -cos @ sing 0 |. (C2)
0 0 1

In the uniaxial metasurfaces, TM or TE modes simultane-
ously exist. However, TM modes here are barely confined on
the metasurface; thus we mainly focus on TE modes in the
x'y'z coordinate system, whose field distributions in region
1 and region 2 can be written as

E_l "'ei/ex/x'-‘r/ezz’

=)
7 1 5 ol ik 1x'+k,z
lea(z/ex/—{—xzkz)ex 22,
0
E_2 — j\,lAei/eX/x’—/ezz’
7 A 5 o ik 1x'~k,z
HZ = J(ka' - X Z/Cz)f x 2y (CS)
0
where £, =, /K2 + /eyzy — k% is the imaginary part of the wave
vector in the z axis, £,/ are the wave vectors in the xy’ plane,

and 4 is the wave vector in free space.
Then we extract the anisotropic magnetic sheet conductivity
based on the following equation:

1+R-T

TR+ T 4

0, =20

where { is the wave impedance defined by (! = (f;o, and R and
T are the reflection and transmission coefficients, respectively
[30]. The magnetic sheet conductivity 5,, indicates there are
two-dimensional magnetic sheet currents over the metasurface
[30,31], so that the boundary conditions can be expressed by
nx(H,-H,)=0 and #7x(E,-E,) = -0, -H, where
7t = -z. By solving the boundary conditions, we have

1
7 (0, sin*g + 6, cos’p)* (k; + k; - kj) + 4k = 0, (C5)

where 1, is the characteristic impedance of vacuum.

Lo . 2 oo
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Fig. 7. Analytical and simulated iso-frequency contours. (a) Iso-
frequency contours obtained from theoretical analysis. (b) Iso-
frequency contours obtained from numerical simulations. The
frequency values are normalized by (c/2) x 1072

we obtain the dispersion relations of the hyperbolic designer
polaritons:

1
o (Ouck? + 0,02 (k2 + K - k) + 4k5 (k2 + £2)* = 0.

(C6)

By substituting the retrieved magnetic sheet conductivity into
Eq. (C6), we get the analytical IFCs of the hyperbolic designer
polaritons from 0.735 x 102(¢c/a) to 0.835 x 1072(c/a), as
shown in Fig. 7(a). Figure 7(b) illustrates the simulated
IFCs, which have a good agreement with the analytical results
in the range of [-0.57/4,0.57/a] x [-0.57/6,0.57 /6] that

around the Brillouin zone center [45].

APPENDIX D: ANALYSIS ON FIELD PATTERN

The measured momentum space at 0.765 x 107%(c/a) is shown
in Fig. 8(a). One can observe that only the modes with £, > 0
are excited, which is consistent with the measured field pattern
in Fig. 8(b). In addition, as our metasurface has mirror sym-
metry along the x direction (according to the effective medium
theory), we can flip the x axis to obtain a field pattern shown in
Fig. 8(c), which is similar to the standard hyperbola-like pro-
file [14,25].

APPENDIX E: DESIGN OF A FAR-INFRARED
HYPERBOLIC METASURFACE

In this section, we show a design of a hyperbolic metasurface
working in the far-infrared regime. Figure 9(a) gives the sche-
matic of the far-infrared hyperbolic metasurface, which consists
of coiling silver wires with x-period 2 = 1.9 pm and y-period
b = 1.16 pm. Figure 9(b) illustrates the details of a unit cell,
where the yellow region represents the silver that is numerically

described by the Drude model:

i (E1)
o(w+ )’

with the plasma frequency @, = 1.37 x 10'® rad/s and colli-
sion frequency v = 6.5 x 102 571, We then obtain the

e(w)=1-
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(a) Measured momentum space at 0.765 x 1072(¢/a). The color bar measures the energy intensity. (b) Measured H, field on the xy plane

3 mm over the hyperbolic metasurface at 0.765 x 1072(c/4). The excitation is marked as a yellow star. Here, the green arrows in (a) and (b) depict
the direction of group velocity (energy flow) of the high-# modes. (c) Measured H, field by flipping the x axis of the field in (b). The green dashed

curves depict the wavefronts of the hyperbolic polaritons. The color bar measures the real part of H .
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Fig. 9. Design of a far-infrared hyperbolic metasurface.
(a) Schematic of a far-infrared hyperbolic metasurface consisting of
coiling silver wires. Yellow area: coiling silver wires. White dashed line:
a unit cell. Here, the brown area represents air in order to make the
structure look clear. (b) Details of a unit cell. Here, 2 = 1.9 um,
b=116 pm, r=02pm, w=0.1pm, and g=0.1pm.
Number of coil turns is 7 = 4. The thickness of coiling silver wires
is 0.1 pm. (c) Three-dimensional perspective view of the dispersion
relations of the far-infrared hyperbolic metasurface in the first
Brillouin zone. (d) Iso-frequency contours of the metasurface. The hy-
perbolic contours range from 5.0 to 6.4 THz. The frequency values are
presented in the unit of terahertz.

dispersion relations and the corresponding IFCs of the
far-infrared hyperbolic metasurface in the FBZ, as shown in
Figs. 9(c) and 9(d), which indicate the convergent manners
of the designer polaritons from 5.0 to 6.4 THz. In addition,
our calculations show that the far-infrared hyperbolic metasur-
face has a high squeezing factor up to 27.3.

APPENDIX F: MATERIALS AND METHODS

1. Numerical Simulations

We use the eigenvalue module of a commercial software CST
Microwave Studio to calculate the photonic band dispersions of
the fundamental mode of the designed hyperbolic metasurface
in the FBZ. The coiling copper wire is considered as a perfect
electric conductor (PEC), and the substrate is regarded as a loss-
less medium. We apply the periodic boundary in the lateral
direction. Note that there is no open boundary in the eigen-
value module; thus, we employ the PEC boundary in the z
direction with 30-mm air above and below the structure, which
is approximately equivalent to the open boundary. The eigen-
frequencies of each wave vector obtained from CST will be im-
ported into MATLAB to get the band dispersions.

2. Experimental Sample and Setup

We employ printed circuit board (PCB) technology to manu-
facture the experimental sample, which consists of one-side
35-pm coiling copper (dimensional tolerance +0.1 mm) attached
onto a 2-mm F4B PCB (relative permittivity 3.50 £ 0.05, and
thickness tolerance 40.05 mm). Note that we utilize three-
dimensional printing technology to fabricate the resin structure
[green structure in Fig. 10(a)] in order to sustain the hyperbolic
metasurface, thus guaranteeing the in-plane periodicity.

Fig. 10. Experimental setup. (a) A source, which is a broadband
antenna, is directly welded on a coil unit cell at the metasurface edge.
Green resin structure is used to sustain the hyperbolic metasurface.
(b) A detector is a compact coil antenna with magnetic resonance
around 0.806 x 1072(¢/). The coil-like detector oriented in the di-
rection, is fixed at a robotic arm of a moving platform and moves on
the plane 3 mm above the designed hyperbolic metasurface. The inset
represents the details of the detector.
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Fig. 11. Scheme view of the fields around the hyperbolic metasur-
face and the coil antenna as a detector.

The experimental setup is shown in Fig. 10, where a VNA
collects the amplitude and phase of the measured magnetic field
from a source and a detector. A broadband antenna is directly
welded on a coil unit cell at the metasurface edge, serving as a
source to excite the designer polaritons efficiently at the fre-
quency within the hyperbolic region [46]. Here, the efficiency
of the surface designer polariton excitation depends on the
impedance matching between the source and the metasurface.
In addition, in order to increase the transmissions, we design a
compact coil antenna with magnetic resonance around
0.806 x 107%(¢/a) as a detector, which has the same geometric
parameters as the unit cell except for the side length
(i.e., 16 mm), as shown in Fig. 10(b). We note that the mag-
netic field has nonzero H,+ and H, components. Thus the coil-
like detector is oriented in the z direction to measure the H,
field (see Fig. 11). The detector is fixed at a robotic arm of a
moving platform 3 mm above the hyperbolic metasurface. A
computer controls the speed and step of the moving platform
while scanning the sample automatically. Here, we set the steps
as 15.2 mm and 9 mm for the x and y directions, respectively,
which are the same as the x- and y-periods, so that it simplifies
the imaging process of spatial Fourier transform. By scanning
the whole region of the designed hyperbolic metasurface, the
complex magnetic patterns of A, field are recorded.
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