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Abstract

Polaritons in two-dimensional (2D) materials continues to garner significant
attention due to their favorable ability of field-confinement and intriguing
potential for low-loss and ultrafast optical and photonic devices. The recent
experimental observation of in-plane anisotropic dispersion in natural van
der Waals materials has revealed much richer physics as compared to isotro-
pic plasmonic materials, which provides new insight to manipulate the polar-
itons and manufacture flat optical devices with unprecedented controls.
Herein, we give an overview of the recent progress in in-plane anisotropic
polaritons launched and visualized in the near-field range in 2D layered van
der Waals materials. Furthermore, future prospects in this promising but
emerging field are featured on the basis of its peculiar applications. This
review article will stimulate the scientific community to explore other hyper-
bolic materials and structures in order to develop optical technologies with
novel functionalities and further improve the understanding of the exotic
photonic phenomena.
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1 | INTRODUCTION

Polaritons—collective excitations formed by the coupling
of photons with oscillating charges—in van der Waals
materials provide a new way to manipulate light at nano-
scale. Until now, various types of polaritons in van der
Waals crystals, including those formed by free electrons
(plasmon polaritons),' strongly-bound electron-hole
pairs (exciton-polaritons),®® and bound lattice vibrations
(phonon polaritons [PhPs])”*! have been discovered and
already shown promising potentials in light-based tech-
nologies beyond diffraction limit spanning a broad range
of the electromagnetic spectrum.'*!* Among these polari-
tons, PhPs with hyperbolicity attracted significant atten-
tion due to their strong field confinement, low losses,
and long lifetimes.'* Basically, the nature of light propa-
gating inside a medium can be described by the dielectric
permittivity tensor (¢ = diag [e, €, &;]) at such fre-
quency, where &,, ¢, are the in-plane components and ¢,
is the out-of-plane component. '> Many distinctive and
non-intuitive optical phenomena associated with polari-
tons require negative perimittivity.'®'” The peculiar
properties of light propagation in a medium stem from
the isofrequency surface in the momentum space, which
are defined by the sign of ¢(i = x, y, 7) . When the
medium is crystallographically anisotropic, it will hold
different dielectric responses along different directions.
If one of the permittivities, that is, (i = x, y, z), is oppo-
site in sign to the other two components, such medium
then exhibits hyperbolicities,'®'® which are the key to a
range of sub-diffractional optical phenomena, such as
negative refraction,”®*' hyperlens,”*** nanolithography,*>®
and enhancement of quantum radiation.”’” Furthermore,
when &, * e, < 0,the hyperbolicities can also exist in the
planar surface.”®*

Theoretically, the polaritons propagate along the
layers with an in-plane anisotropic dispersion in case of
different permittivities along orthogonal in-plane direc-
tions. The polaritons show an elliptic in-plane dispersion,
subject to different permittivities but with the same signs
whereas; for different signs, the polaritons possess an in-
plane hyperbolic dispersion. The prominent example of
hyperbolic natural material is hexagonal boron nitride
(hBN).”'* The hBN is a polar van der Waal material with
uniaxial permittivities possessing two mid-infrared
Reststrahlen bands, one of which spans from 1395 to
1630 cm™ (for the case of enriched hBN), where
& = €, = £, < 0 (the in-plane permittivity is negative and
isotropic) and &, = £ > 0 (the out of plane permittivity is
positive).23’24’30 Therefore, the PhPs in hBN show an out-
of-plane hyperbolic dispersion and isotropic in-plane dis-
persion.?*?*?%31:32 Although the PhPs with in-plane

hyperbolic dispersion can be induced in nanostructured
hBN (ie, artificial metamaterial), its visualization in natu-
ral materials was highly desirable.>® Recent discovery of
anisotropic polariton propagation along the surface of a
natural vdW o-MoO; flakes demonstrates PhPs with
elliptic and hyperbolic in-plane dispersion,***> promise
substantial advances in the fields of infrared optics and
nanophotonics.>® Contrary to artificial metamaterials
with delicate designs, anisotropic polaritons in natural
vdW materials with in-plane hyperbolic dispersions could
manipulate light with unprecedented controls especially
with subdiffractional confinement, low losses, and polari-
zation sensitivities.***

In this review, we summarize the recent progress of
planar anisotropic polaritons on their near-field responses
with an emphasis on the natural layered materials, which
may exhibit more potentials than conventional meta-
surfaces at some frequency ranges with critical applica-
tions. Firstly, we introduce the real-space nanoimaging
mechanism by using scattering-type scanning near-field
optical microscopy (s-SNOM) and summarize the research
progress of polaritons in 2D materials. The basics of aniso-
tropic polaritons with hyperbolic/elliptic dispersions are
then discussed. After briefly reviewing the hyperbolic
metasurfaces, we focus on the natural layered system for
in-plane anisotropy and present several potential applica-
tions taking advantage of its unique abilities to control
light. This review is aimed at providing a timely overview
of the potential development of naturally hyperbolic
media in novel optical devices. It is extremely attractive
that naturally in-plane anisotropic materials may thus
establish a new paradigm in nanophotonics, promising an
unprecedented potential for the directional control of
light and light-matter interactions at the nanoscale.

2 | DIRECT VISUALIZATION OF
POLARITONS IN REAL SPACE

Polaritonics provides a unique way to harness, guide,
and manipulate light at nanoscale much smaller than
the diffraction limit.*” Initially, surface plasmon polari-
tons in metals set an early stage for investigating this
distinctive branch of optics.38’40 However, the loss asso-
ciated with electron/plasma scattering and interband
transitions is unacceptably large.*"** The emergence of
2D materials offers new opportunities to explore low-
loss polaritons compared with metal plasmonics. The
development of the real-space nanoimaging technique
has allowed us to directly observe these highly confined
polaritons in the near field and conveniently study the
fundamental physics of low-dimensional materials.'*"?
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Featuring a wavelength-independent nanoscale spatial
resolution (~10 nm, determined by the diameter of the
tip apex), s-SNOM provides deterministic observations
and characterizations of various polaritons in real
space.”® As an important visualization technique, it
shows an exceptional capability of unfolding quantum
phenomena."?333*44%5 gpecifically, infrared (IR) light
is focused onto a high-frequency oscillating metallic tip
of an atomic force microscope. The tip functions as an
optical antenna that effectively generates optical near-
fields with wave vectors much larger than that of the
incident light, which thus can match the excitation con-
ditions of the polaritons in the materials of interest.

Generally, the propagating properties and the wave-
length of a polariton can be extracted from the local
optical field and periodicity of the interference fringes in
s-SNOM images."”” The dispersion relation of the
polariton is thus attainable, along with the quantitative
measure of the propagation loss from the real-space
imaging. A detailed review of the development of the s-
SNOM technique can be found in a reference by Chen
et al.** Hyperspectral imaging by the nanoscale Fourier
transform infrared (nano-FTIR) spectroscopy can also
offer the nanometer spectral and spatial resolution to
study polaritonic behaviors as the tip is raster-scanned
over the sample (line-scans), which is often employed as
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FIGURE 1 The roadmap of investigating polaritons in two-dimensional (2D) materials. A, s-SNOM image of graphene plasmon-
poalriton.' Reproduced with permission from Reference 1, 2 copyright 2011, Nature Publishing Group. B, s-SNOM image of PhPs in hBN.’
From Reference 9 reprinted with permission from AAAS. C, s-SNOM image of exciton-polariton waveguide modes in MoSe,.® Reproduced
with permission from Reference 6 copyright 2017, Nature Publishing Group. D, The atomic-scale photonic hybrids by heterostructures.*’
Reproduced with permission from Reference 49 copyright 2015, Nature Publishing Group. E, In-plane hyperbolic polaritons on

metasurface.*® From Reference 33 reprinted with permission from AAAS. F, In-plane anisotropic polaritons in natural materials of MoO5.>*
Reproduced with permission from Reference 34 copyright 2018, Nature Publishing Group. hBN, hexagonal boron nitride; s-SNOM,

scattering-type scanning near-field optical microscopy
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a powerful tool complimentary to monocharmatic
single-frequency imaging by the s-SNOM.*¢*

By utilizing s-SNOM, Chen et al" and Fei et al® (inde-
pendently) demonstrated the real-space imaging of the
polaritonic waves in graphene, in 2011, for the first time.
Particularly, the strong light confinement, gate-tunabil-
ity, and long lifetimes can be found in such an atomically
thin layer (Figure 1A). Graphene plasmonics not only
opens an avenue for applying plasmon polaritons in
graphene into low-loss gate-tunable nanophotonic
devices, but also inspires the discovery of potential polari-
tons in other 2D materials. PhPs in hBN, distinctive from
plasmons in graphene, were observed by Dai and
coworkers in 2014,° whereas these lattice-vibration-
dependent PhPs can be sustained in hBN down to few
layers (even monolayer in their recent study™).
(Figure 1B). Polaritons with highly low losses can exist in
hBN as volume-confined modes that stem from the large
birefringence between in-plane and out-of-plane. Details
will be discussed in the following parts. Different from
the spectral investigation of strongly coupled cavity
exciton-polaritons, Fei” and Hu et al® observed the real-
space propagation of exciton-polariton waveguide modes
in layered WSe, and MoSe, at room temperature
(Figure 1C). The nano-optical imaging of exciton-
polaritons clearly unveils the high sensitivity of the
polariton propagation length to the excitation energy,
with a large propagation length up to 12 um allowing for
long-range energy or information transfer in future nano-
photonic circuits.

To overcome the limitations of the individual polari-
tons, atomic-scale photonic hybrids of van der Waals het-
erostructures provide an extra degree of freedom to tune
these polaritons (Figure 1D).**' For example, the
graphene/hBN heterostructure supports a new form of
hybrid plasmon-PhPs with a broad bandwidth range and
long lifetime that can be actively controlled through elec-
trical gates.’*>® Recent observations of the anomalous
propagation of polaritons on infrared hyperbolic surfaces
uncovers the novel physics in these layered materials
(Figure 1E,F).*>** The in-plane hyperbolic polaritons in
both natural a-MoO; and nanostructured hBN meta-
surface show the great potential of squeezing infrared light
with directional control and ultralow loss. Moire polari-
tons based on twisted 2D bilayers have also attracted
significant interest recently, including the directed propa-
gation control of surface plasmons in Moire graphene
supelrlattice,57 Moire excitons in twisted stacks of mono-
layer transition metal dicalcogenides® and phonon based
soliton superlattices in twisted hBN.>® Therefore, the
study of polaritons in 2D materials is a vibrant area of
research at the vanguard of materials science, engineer-
ing, physics, and biology, where anisotropic polaritons

play a fascinating role in manipulating the nano-light
with orientational selectivity (Table 1).

3 | BASICS OF ANISOTROPIC
POLARITONS

As referred above, the nature of light propagating inside
a medium can be described by the iso-frequency contour
in the k-space. Briefly, the momentum k corresponding
to each wavelength of polaritons can be defined by per-
mittivities at constant w. The dielectric permittivity is a
frequency-dependent tensor (¢ = diag [e,, ¢, €;], Where
&y, € are the in-plane components and ¢, is the out-of-
plane component. If the permittivity tensors (along differ-
ent axes) are of opposite signs, the medium is called
hyperbolic materials.”*'>'®!® The strong optical anisot-
ropy will render a series of potential applications in
nanophotonics including negative refraction, hyperlens,
and enhanced quantum radiation.®®*”* Normally, hyper-
bolic media was often discussed in the context of
metamaterials, which aim at the novel properties that are
not attainable in a natural system by “meta-atom.” The
detailed review of this aspect can be referred to the refer-
ence by Alexander et al.'® Recently, the bulk hyper-
bolicity was observed in the natural system—hBN, which
has emerged as a new platform for investigating sub-
diffractional imaging and focusing, ultraslow hyperbolic
polariton propagation, negative group velocity, and the
hybridization of two different classes of propagating
polaritons.'* Actually, many bulk hyperbolic materials
has been identified in nature, such as graphite,74 magne-
sium diboride,”® quartz,’® tetradymites,”” calcite,”® and
a-Al,O; single crystal.” However, both the hyperbolic
metamaterials and naturally hyperbolic materials can be
defined by the different signs of permittivity between in-
and out-of-plane. Generally the polaritons supported by
these mediums are in-plane isotropic, it is challenging to
realize optical functionalities for particular orientations
and polarization in the planar surface, which are essen-
tial for high-performance polaritonic applications such as
imaging and energy transfer devices.*>®!

In this part, we will focus on our main aspect of this
review—in-plane anisotropic polaritons. Because of the
2D nature, we are more interested in the confined and
propagating TM modes supported by anisotropic media.
The dispersion of these polaritons can be defined by the
following relation.?*#*%4

no (Kiow+Koy) (K412 -1) —4k3 (2 +12) =0

where k., is the in-plane wave vectors, 6y, ,, are the in-
plane conductivity along x and y directions, ko = 21/, is
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TABLE 1  Real-space characteristics of polaritons in two-dimensional (2D) natural materials
Material Polariton types Tunability methods Lifetime Refs.
Graphene « Plasmon polaritons « Gating Near 2 Ps 1-3,54,60
« In-plane isotropic polaritons » Doping
« Dielectric environment
+ Photo excitation
BP » Plasmon polaritons » Photo excitation NG 5
« In-plane anisotropic polaritons
hBN « Phonon polaritons « Thickness Near 8 Ps 9,14,61-64
« Hyperbolic volume and surface polaritons « Dielectric environment
« In-plane isotropic polaritons « Isotopic enrichment
a-MoO3 » Phonon polaritons « Thickness Over 8 Ps 34,35,65
« In-plane hyperbolic polaritons » Metal atoms intercalation
« In-plane elliptical polaritons
WSe, « Exciton polaritons o Thickness NG 7,66
» Waveguide modes « Dielectric environment
« In-plane isotropic polaritons
MoSe, « Exciton polaritons » Thickness NG 6
« Waveguide modes « Dielectric environment
» In-plane isotropic polaritons
MoS, « Waveguide modes o Thickness NG 67
« In-plane isotropic « Dielectric environment
Note: Not including heterostructures here.
Abbreviations: BP, black phosphorus; hBN, hexagonal boron nitride; NG, not given.
the wave vector in free space. The features of wave propa- (A) (B)

gation in in-plane anisotropic medium can be defined by
the geometry of the iso-frequency contour in momentum
space, which can also be referred by the Fourier trans-
form of the wave propagation in real space (shown in
Figure 2). We will begin with the in-plane field distribu-
tion to distinguish the different types of in-plane aniso-
tropic media. Figure 2 shows the relationship of the in-
plane z-component of the electric field and the relative
sign of the real part of permittivities Re(e) (or the imagi-
nary part of conductivities Im(c)). The well-known metal-
lic surface plasmon polariton, graphene plasmons,®> PhPs
in hBN,**# surface PhPs in SiC*’ are all the in-plane iso-
tropic polaritons resulting in the circularly spreading in
real space (shown in Figure 2A). The highly symmetrical
propagation of polaritons cannot render precise control of
in-plane energy transfer or polarization. The elliptical and
hyperbolic shape of in-plane anisotropic field distribution
(shown in Figure 2B-D) indicates the anisotropic propaga-
tion of polaritons with diverse k in a different direction.
Notice that while in the elliptic case, the propagation along
both x- and y- directions are permitted. In the hyperbolic
case, the propagation along one of the axes is not allowed.
Furthermore, the giant optical anisotropy will induce the
in-plane hyperbolicity (shown in Figure 2C,D), the large-k
polaritons are referred to open curve in momentum space,
which will be used to enhance quantum radiation.

(C) (D)
ky 1 ky k, I k \ /
kel ko ﬁ k! k
FIGURE 2 Field distribution excited by a z-directed dipole for

different media. A, An in-plane isotropic media. B, An in-plane
elliptic media (e, * &, > 0, & # ¢). C, An in-plane hyperbolic media
(&x < 0, &, > 0). D, An in-plane hyperbolic media (g, > 0, &, < 0)

Moreover, because of their planar nature (in-plane), the
optical devices based on them are readily integrated with
other flat optical and optoelectronic elements.
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4 | HYPERBOLIC METASURFACES
One effective way to achieve extremely large wave con-
finement and local density of states is to artificially recon-
struct thin layers of an isotropic materials. Such
manmade media can support the in-plane hyperbolic
polaritons with ultra-high momentum. Through the
manmade metallic gratings, one can drastically modified
the dispersion of surface plasmons.®® The periodic metal-
lic gratings could support the propagation of surface
polaritons with hyperbolic wavefront and orientational
selectivity. The theoretical predictions have been readily
verified in later experiments based on the hyperbolic
metasurface of artificial silver/air gratings at visible fre-
quency (see Figure 3A,B).* The device indicated clear
planar negative refraction and diffraction-free propaga-
tion. The hyperbolic metasurface was also verified by
anisotropic metallic arrays at microwave frequencies.”
Gomez-Diaz et al showed the possible realizations of

(A)

hyperbolic metasurface at terahertz using nanostructured
graphene.”’ Very recently, Li et al demonstrated the
infrared hyperbolic metasurface by nanostructuring hBN
that supports highly confined anisotropic PhPs (see
Figure 3C,D).*® Compared with metallic surface plasmon
polariton, the PhPs in hBN have notably low loss. By
appropriately engineering the “meta-atoms,” one may
obtain different hyperbolic metasurfaces at some fre-
quency ranges.”> However, the noteworthy losses associ-
ated with plasmonic materials used in artificial hyperbolic
surface and undesirable confinement at long wavelength
range (k, = ko) could result in the unsatisfactory perfor-
mance of optical devices. Moreover, the losses induced by
fabrication imperfections are inevitable. The maximum
momentum of propagating polaritons is determined by
the inverse size of “meta-atom,” the optical device will be
cutoff when approaching this ultimate momentum.
Although the hyperbolic mediums are also called indefi-
nite materials because of the open curve of iso-frequency

FIGURE 3 Artificial in-plane hyperbolic metasurfaces at visible and infrared frequency.***° A, The planar negative refraction device at
visible frequency. The inserted image indicates the surface plasmon based metasurface (Ag/air grating). B, Experimental demonstration of
negative refraction on hyperbolic metasurfaces. The color plots show measurements of surface plasmons propagating along silver and being

refracted at the interface with a hyperbolic metasurface (dashed box) implemented by nanostructured silver film. Reproduced with
permission from Reference 89 copyright, Nature Publishing Group. C, infrared hyperbolic metasurface based on nanostructured hBN. D, Up:
Polariton-interferometry imaging of PhPs on hyperbolic metasurface at infrared range. Bottom: Wavefront imaging of antenna-launched

PhPs on hyperbolic metasurface. From Reference 33 reprinted with permission from AAAS. hBN, hexagonal boron nitride; PhPs, phonon

polaritons
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contour (ideally indefinite k), the metamaterials do not
hold the key to the full potential of hyperbolic medium.
Recently, it was demonstrated that some natural materials
could offer advances in the realization of in-plane hyper-
bolic surface***> In particular, the natural o-phase
molybdenum trioxide (a-MoOs) and black phosphorus
(BP), which have strong in-plane optical anisotropy, hold
great promise for directional control of the polariton—
propagation.

5 | NATURALLY IN-PLANE
ANISOTROPIC POLARITONS

Since the discovery of graphene, research on various 2D
materials has boomed in the fields of material science,
chemistry, physics, biology, and nanotechnology.”***
Among the broad array of 2D materials, some in-plane
anisotropic materials play important roles in optical and
electronic applications.'>'**?> The most striking feature
of such 2D materials is the naturally high in-plane anisot-
ropy of its macroscopic physical properties, which arises
due to its special orthorhombic lattice. Here, we will
review the progress on naturally anisotropic materials
with a particular emphasis on a-MoO; and BP, and
mainly focus on their advance in terms of in-plane aniso-
tropic polaritons. As discussed above, the directional
propagation of polaritons in the plane results from large
in-pane optical anisotropy. The in-plane anisotropic
media often support anisotropic polaritons (like
Dyakonov surface wave).”®?” Large optical anisotropy is
generally found in structurally anisotropic materials, for
example, strong birefringence or dichroism has been
observed in biaxial crystals with orthorhombic structure.
Among those materials, both a-MoO; and BP have inter-
esting orthorhombic-layered structure.

The schematics of Figure 4A shows the crystal struc-
ture of a-MoOs, where layers formed by distorted edge-
shared MoOg octahedra are weakly bonded by van der
Waals forces. The a-MoQj; lattice constants a, b, and c,
along the three directions in space (x, y, z) are all differ-
ent. In each double layer structure, MoOg forms corner-
sharing chains along the [001] direction and edge-sharing
chains along the [100] direction (shown in Figure 4A).
Three O atoms differently linked with one Mo atom, of
which O,-Mo is along the [001] direction and O;-Mo
along the [100] direction. The a-MoOj3 has a strong in-
plane structure anisotropy as the difference of the spacing
between (100) facets and (001) facets is as large as 7.2%
Consequently, a-MoO3 is a biaxial material with strong
in-plane anisotropy. Similar to a-MoO3, BP atomic layers
are stacked together with van der Waals force while the
single layer is bonded by sp> phosphorus atoms, as shown

in Figure 4B. The BP layer-to-layer spacing is around
0.52 nm. As shown in side-view from different in-plane
perspective, BP displays a strong in-plane anisotropy
between the crystal orientations along “zigzag” and
“armchair” directions.

The crystal structure of these two materials has con-
spicuous differences along two orthogonal directions in
the plane. Consequently, the dielectric function is highly
in-plane anisotropic resulting from variations in the real
part of permittivity as a function of in-plane directions. It
is noteworthy the strong in-plane anisotropy of permittiv-
ity at resonance frequencies can render directional propa-
gation of polaritons. This indicates that natural a-MoO;
and BP crystals can be the good candidates that support
in-plane anisotropic polaritons so as to realize the natural
hyperbolic surface. Besides, many theory works predicted
the polaritons with in-plane directional propagation
behavior in natural materials.***>*'% All of these in-
plane anisotropic polaritons can be inherited by the dif-
ferent collective oscillations of electrons or optical pho-
nons along different directions. The low in-plane lattice
symmetry leads to distinct anisotropy.

One should note that the mechanisms of in-plane
optical anisotropy in BP and a-MoOj; are essentially dif-
ferent. In case of BP, the 2D description of anisotropic
polaritons was based on its anisotropic conductivity.**°
The interplay between interband and intraband motions
renders different oscillations of electrons—in-plane
anisotropic plasmon polaritons, as illustrated in
Figure 4D. Generally, if an antenna (metallic nanostruc-
ture) is used to launch the polaritons in polaritonic mate-
rials, the polaritons propagate away from the antenna as
circular waves in many cases such as those in graphene,
hBN, SiC, and so on. In BP, the inductive optical
response along two in-plane axes enables the hyperbolic
rays launched by an antenna.”® If a z-oriented dipole
emitter is used to launch the polaritons along homoge-
neous surface (as shown in Figure 5A-D), one can
observe different polaritonic isofrequency contours while
tuning the anisotropic conductivity. The hyperbolic
plasmons and topological transitions can also be expected
over the planar surface. In the highly anisotropic regime
(Im oy « oy <0), the plasmon propagating along some
direction are totally forbidden (shown in Figure S5E,
F).*'92 The dispersion relation imply that the resonance
modes can be found only along x axis in some frequency
regime (ie, above 0.47 eV), as presented in Figure 5E. The
principal components of the conductivities in BP have
opposite signs (Figure 5F, ie, oxw0y, < 0), which are the
signatures for in-plane hyperbolic plasmon. There are a
few ways to modulate the imaginary parts of BP conduc-
tivity, such as optical and chemical doping, so as to tune
the in-plane anisotropy.'®*"% Although BP is a great
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FIGURE 4 Lattice schematics of natural a-MoOj3 and black phosphorus (BP), schematic of the in-plane anisotropic collective
oscillations of optical phonons and electrons. A, Up: Schematic illustration of the orthorhombic lattice structure in layered a-MoO; (blue
spheres: molybdenum; red spheres: oxygen). The lattice constants of a-MoOj; are B = 1.40 nm, A = 0.39 nm, and C = 0.37 nm. Bottom: The
in-pane side view of the monolayer structure revealing in-plane anisotropic crystal structure defined in the A-B plane and C-B plane. B,
Schematic illustration of the orthorhombic lattice structure in black phosphorus. C, Schematic illustrating the in-plane anisotropic collective
oscillations of atomic displacements in the form of optical phonons in a-Mo0Os. D, Schematic illustrating the in-plane anisotropic collective

oscillations of free electrons in BP

candidate to investigate directional control of the propa-
gation of plasmon polaritons,'®”'% the experimental
observation of in-plane anisotropic polaritons propagat-
ing in BP has still remained elusive so far, due to the
lack of suitable lasers as excitation mid/far-IR light
coupled into s-SNOM. Recently, the theoretical studies
on electromagnetic modes in biaxial slabs and accurate
infrared anisotropic permittivities of a-MoO; were fur-
ther developed.'”'%®

Another mechanism of optical in-plane anisotropy
relies on highly discrete optical phonons. For polar crys-
tal (eg, SiC and a-Mo00O3), the anisotropic optical-phonons
often result in multiple spectral ranges that are assigned
to “Reststrahlen bands” (RBs),'% resulting from a long-
wavelength incident optical field in the resonance fre-
quency range. The strength of resonances always shows a
strong dependence on the polarization of the excitation
beam, as illustrated in Figure 4C. For example, a-MoOs3,

a polar van der Waals crystal, has received considerable
attention over the past decade for nanoscale light-control
because of strong birefringence in this material Ma et al
experimentally observed the low-loss hyperbolic and
elliptical polaritons in natural a-MoO; crystals. In this
work, novel in-plane hyperbola-type anisotropy in the
form of hyperbolic PhPs, resulting from in-plane aniso-
tropic dispersion, was reported. Utilizing high-resolution
s-SNOM technique, the polariton interferometry images
show strong direction-dependence, as revealed in
Figure 6A-D.>* Interestingly, the interference pattern in
the upper-RB (U-RB) depicts an elliptical shape with the
largest PhPs wavelength along the [001] surface direc-
tion, whereas it transforms into an almond shape in the
lower-RB (L-RB) with the largest wavelength along the
[100] direction. The Fourier transform analysis of
Figure 6A,B gives an ellipsoid in the U-RB (Figure 6C)
and hyperbola in the L-RB (Figure 6D), revealing that the
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PhPs exhibit elliptic and hyperbolic dispersions, respec-
tively. More strikingly, the anisotropic polaritons in
a-MoO; have ultra-long amplitude lifetimes (up to
20 pico-seconds), offering new opportunities for sub-
wavelength planar device aiming at directional modula-
tion of ultra-fast light-matter interactions (usually at
femto-seconds or pico-seconds range).

Unlike the polaritons in graphene and hBN, the
wavefront of the in-plane hyperbolic polaritons exhibit
the particular shape in sharp contrast to concentric rings.
The anomalous (concave) wavefronts can be launched by
a silver antenna on top of the a-MoOj; sheet (Figure 6I-
L).* The exotic wavefronts further indicate strong optical
anisotropy in @-MoOs. The giant optical in-plane anisot-
ropy in natural barium titanium sulfide (BaTiS;) was also

reported by Niu et al.''* However, the in-plane anisotropic

polaritons were not referred to in this work. The in-plane
hyperbolic polaritons in van der Waals materials own the
unusual features of hyperbolicity in bulk hyperbolic
metamaterials, making it intriguing for exotic optical
applications such as negative refraction,”>*' hyperlens,*>*
and enhancement of quantum radiation.>” Most impor-
tantly, all these phenomena are realized in a planar sur-
face rather than complicated structures, rendering easier
accessibility.

Although the anisotropic plasmon polaritons have
not been experimentally observed in intrinsic BP, the
anisotropic dispersion in BP can be utilized to modulate
the in-plane polaritons in hBN by constructing a verti-
cal heterostructure of BP and hBN. The PhPs in hBN



MA ET AL.

50 nm h-BN on SiO, 40 nm h-BN on 40 nm BP

D=

(©)

Roundtrip Contribution (H) Roundtrip Contribution
A

(=

v
Direct Contribution

FIGURE 6 Near-field experimental horizon of polaritons in naturally in-plane anisotropic materials.>**>'*° A, s-SNOM image of in-
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ellipse and hyperbola for each RB. Reproduced with permission from Reference 34 copyright, Nature Publishing Group. E, s-SNOM image of
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near-field optical microscopy

have prompted intensive investigations on the low-loss
and volume-bound nature of hyperbolic PhP modes.
Nevertheless, the intrinsic PhPs in hBN normally prop-
agate as a cylindrical wave in hBN sheet, manifesting
as in-plane isotropic nature. However, the propagation
behavior of polaritons in hBN will be modified while a
piece of hBN disk is placed on top of a piece of BP
nanosheet. In particular, anisotropic polaritonic modes
can be observed along zigzag and armchair axes of BP,
as shown in Figure 6E-H.''® More specifically, the

nanoimaging results show characteristic elliptical inter-
ferometry pattern in hBN/BP heterostructure (Figure 6F)
in contrast with an concentric pattern in pure hBN
(Figure 6E). This could be a general approach to achieve tai-
lored anisotropic optical properties by stacking two van der
Waals materials with different optical birefringencies to
form a new metasurface. From point of view of polaritonic
regime, longitudinal optical phonon-plasmon coupling
effect could also be another way to modulate the anisotropic
properties of polar semiconductor.'*>1?
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the 2D polaritonic materials. Particular attention is paid
to natural van der Waals materials that have in-plane = REFERENCES

optical anisotropy in terms of anisotropic dispersion,
which enables anisotropic phonon or plasmon polaritons.
Inspired by the mechanisms for optical in-plane anisot-
ropy, that is, the interplay between anisotropic electron
motions can support anisotropic surface plasmon, this con-
cept could also be generalized for other materials with sim-
ilar structure as BP, for example, semimetals like MoTe,,
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