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Hyperbolic polaritons have drawn great attention in nanoscale light manip-
ulation due to their unique properties. Currently, most studies focus on nat-
ural hyperbolic phonon materials in the mid-infrared, limiting their application
in the visible to near-infrared range. Here, we present a work on broadband
near-infrared hyperbolic plasmon polaritons in a van der Waals material
MoOClI, by a perturbation-free direct imaging technique of photoemission
electron microscopy. In particular, the hyperbolic polariton behavior has been
dynamically tailored and manipulated by wavelength, polarization, interlayer
twist, and artificial structure, providing a reconfigurable platform for nano-
photonic applications. Notably, the full iso-frequency contours can be recon-
structed via polarization-selective excitations. Our work has contributed to
hyperbolic materials in the broadband near-infrared with MoOCI,, and has
revealed PEEM to be an ideal method for studying hyperbolic plasmon
polaritons at the space-time limit.

In recent years, natural hyperbolic materials with opposite signs of
permittivity along the two orthogonal directions supporting hyper-
bolic polaritons have attracted considerable attention. Due to their
unusual optical properties, hyperbolic polaritons can produce many
novel physical phenomena, such as deep subdiffractional field con-
finement and highly directional propagation, etc*”. Hyperbolic phonon
polaritons have been found in a few anisotropic van der Waals (vdW)
materials and bulk crystals (e.g., hBN**, a-M005*°, a-V,05’ and calcite
(CaCO03)®) and have been intensively studied”’°. The phonon-assisted
hyperbolic polaritons are typically located in the mid-infrared region,

due to the relatively low energy of phonons. This limits their potential
applications in the near-infrared and visible ranges, which encompass
the optical communications and on-chip information processing
bands. To shorten the working wavelengths, collective exciton or
electron resonances are considered to form exciton polaritons”™ or
plasmon polaritons'*. However, pushing the operating band into the
near-infrared or visible region remains a challenge, due to the
requirement of relatively high quasiparticle energy and strong aniso-
tropy. Recently, an emerging class of layered vdW materials, MOX,
(M=Nb, Ta, V, Mo, Ru; X =Cl, Br, I) has gained increasing attention due
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to the anisotropic crystal structure and unique physical properties,
such as giant optical nonlinearity and in-plane optical anisotropy'®?.
Among them, the highly anisotropic MoOCI, and RuOClI, are predicted
to be promising candidates for supporting broadband hyperbolic
plasmon polaritons in the visible to near-infrared range, with metallic
(ex<0) and dielectric (¢, > 0) properties along two orthogonal in-plane
directions and dielectric property in the out-of-plane direction
(&,>0)'*7? (see Supplementary Table S1 for comparison with other
materials), and the MoOCI, was recently experimentally investigated
by scattering-type scanning near field optical microscope (s-
SNOM)*?, The experimental realization and manipulation of hyper-
bolic polaritons in the visible to near-infrared range will pave the way
for innovative advances in nanophotonic applications.

For the experimental investigation of hyperbolic polaritons in the
visible to near-infrared range, photoemission electron microscopy
(PEEM) can be employed, as it offers significant advantages in the near-
field imaging of polariton modes, allowing a comprehensive character-
ization of their properties. PEEM is ideal for obtaining perturbation-free
and direct images of hyperbolic modes, and is capable of flexible
polarization control at precisely normal incidence?*, which is crucial for
direct observation of intrinsic near-field modes and dynamic manip-
ulation. PEEM has been shown to be perfectly compatible with tunable
femtosecond lasers, allowing convenient wavelength control and time-
resolved measurements. This method has been successfully applied to
the study of various near-field modes supported by metals and dielec-
trics, such as surface plasmon polaritons (SPPs)**=°, localized surface
plasmon resonances (LSPRs)* ¢ and planar dielectric waveguides®*°,
but the investigation in hyperbolic polaritons is still lacking.

In this work, we have revealed the MoOClI,-assisted hyperbolic
plasmon polaritons in the broadband near-infrared region (up to
1400 nm) using PEEM equipped with a tunable femtosecond laser with
flexible polarization and wavelength control at normal incidence.
Using gold nanoparticles as single-point excitation to launch hyper-
bolic polariton modes, we observed the transitions of modes with
different wavelengths, polarizations, and interlayer twist angles. In
particular, we observed the mode transition from hyperbolic plasmon
polaritons to elliptical air modes with decreasing wavelength at

b 3.0 2.07 1.55 1.24 1.03 0.89 E(eV) €

x-polarization, as well as a topological transition associated with twist
angles. Importantly, polarization-selective excitations were observed
in both real and k spaces, and the full iso-frequency contours (IFCs) can
be reconstructed via polarization control. In addition, we demon-
strated the feasibility of manipulating polaritons with artificial struc-
tures on MoOCl,. Our study demonstrates that PEEM is a highly
effective technique for imaging hyperbolic modes, offering notable
advantages. It holds great potential for future applications in investi-
gating near-field modes and their dynamics in vdW materials, parti-
cularly through time-resolved PEEM.

Results

Optical properties of MoOCl, and PEEM method

The crystal structure of each layer of the MoOCI, flake is shown in
Fig. 1a, highlighting strong in-plane anisotropy (space group C2/m). The
structure is strongly coupled along the Mo-O chains, while the inter-
chain coupling in the orthogonal direction is significantly weaker. The
measured permittivity is shown in Fig. 1b, with metallic (¢,<0) and
dielectric (¢, > 0) characters in the visible to near-infrared range along
the two orthogonal directions, respectively (see Supplementary Note 3
for details of the permittivity measurements and Note 2 for comparison
with other polariton materials). This anisotropy is also evident in the
optical images of a representative sample taken with a reflective optical
microscope (Fig. 1c), which show golden metallic luster and dielectric
film color with polarizations along the x- and y-axes, respectively.

The hyperbolic plasmon polariton is determined by the measured
permittivity, as confirmed in the representative finite-difference time-
domain simulation. This simulation involves a tens of nm thick MoOCl,
flake on glass, excited by an Au nanoparticle under normal light inci-
dence (Fig. 1d).

To observe the broadband hyperbolic modes, we employed
ultrahigh-spatial-resolution PEEM, integrated with a tunable femtose-
cond laser beamline (360-1800 nm). Unless otherwise specified, the
light was incident at normal angles, with polarization controlled by aA/
2 waveplate. The schematic of the PEEM setup is illustrated in Fig. le.
Near-field imaging in the near-infrared with PEEM relies on a multi-
photon photoemission process to overcome the material's work

—Re(&x)
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100 fs laser

8 —Re(gy)
6 ’\ —1Im(gy)
4
2

360-1800 nm

Fig. 1| Broadband near-infrared hyperbolic plasmon polaritons in MoOCI, and
PEEM method. a Crystal structure of each layer of the MoOCI, flake. The experi-
mental coordinate axes (x, y) are along the crystal orientations (a, b), respectively.
b Measured permittivity along the two orthogonal directions in the visible to near-
infrared range. The light red shading indicates Re(g,)< 0. ¢ Optical images of a
representative sample taken with a reflective optical microscope at x- and y-
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polarizations, showing golden metallic luster and dielectric film color, respectively.
d Simulated hyperbolic plasmon polariton mode (electric field |E |) supported by a
40 nm MoOCl, flake on a glass substrate at 1000 nm wavelength, excited by an Au
nanoparticle with x-polarization at normal incidence. e Schematic of PEEM mea-
surements for near-field modes supported by MoOClI, flakes, allowing polarization
and wavelength control at normal incidence.
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Fig. 2 | Wavelength-dependent near-field modes measured by PEEM with
x-polarization at normal incidence. a Hyperbolic plasmon polariton modes from
1.03 eV (1200 nm) to 1.38 eV (900 nm) supported by a - 37 nm MoOClI, flake, exci-
ted from SiO,-coated Au nanoparticles (5 nm SiO, @ 200 nm Au). b Corresponding
iso-frequency contours (IFCs) (fast Fourier transform (FFT) of (a)), fitted with
hyperbolas (white dashed lines). ¢ Mode distributions at shorter wavelengths, from
1.77 eV (700 nm) to 2.25 eV (550 nm), showing the transition from hyperbolic mode
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to elliptical air mode. d Corresponding FFT images of (c). The white dashed cycles
in (d) signify k. The color scales in (a, b) are also applied to (c, d). e Optical dark-
field image of the measured sample, the yellow circle denotes the measured area by
PEEM. f Variation of measured open angles (26) of hyperbolas in (b) with wave-
lengths (red dots), and the corresponding calculated curve from the measured
permittivity.

function. In this study, a sub-monolayer of cesium (Cs) was deposited
on all sample surfaces, lowering the work function to enable a two-
photon photoemission process. The nonlinear photoemission yield
follows Py « I?, where Py is the photoemission intensity and / is the
local light intensity (Supplementary Fig. 3, see also Supplementary
Note 13 for more discussions on the PEEM method). Additionally, all
PEEM measurements were conducted at ~ 85K.

Wavelength-dependent mode distributions
A representative MoOCIl, sample for PEEM studies is shown in Fig. 2e,
with a thickness of ~37 nm. The MoOCIl, flakes were mechanically
exfoliated and transferred onto a glass substrate, coated with a thin
(-10nm) ITO layer to avoid surface charging during the PEEM
experiments. SiO,-coated Au nanoparticles (5nm SiO, @ 200 nm Au)
placed on top of the MoOCI, flakes served as couplers to excite
hyperbolic plasmon polariton modes in MoOCI, (see Methods section
and Supplementary Note 1 for details on sample fabrication and
characterizations).

The measured representative near-field modes in the near-
infrared to visible range are shown in Fig. 2a, c, with x-polarization at

normal incidence. In Fig. 2a, within the energy range from 1.03 eV
(1200nm) to 1.38eV (900 nm), hyperbolic modes were clearly
observed, with up to six distinct interference fringes visible (the bright
points correspond to Au nanoparticles). The corresponding IFCs in
Fig. 2b, obtained via fast Fourier transform (FFT) of Fig. 2a are well

2
fitted by hyperbolic equations: gki + % =w?/c?. The open angle
"y _fit X _fit

decreases with increasing wavelength in k space, in agreement with
calculations from the measured permittivity 6= 5 — arctan ,/—¢, /¢,

(Fig. 2f) (see Supplementary Note 5 for FFT data processing details). It
should be noted that the observed maximum k is ~ 4k, (Fig. 2b), sig-
nificantly larger than the conventional Au SPPs (- ky)”.

At shorter wavelengths with x-polarization, the hyperbolic mode
becomes not observable anymore, whereas the elliptical air mode still
emerges (Fig. 2c, d), with the transition occurring at ~1.77 eV (700 nm)
(It should be noted that we can still observe 1-2 fringes of hyperbolic
modes at 700 nm, but the visibility is very weak compared to that
around 1000 nm). We attribute this transition to several possible rea-
sons. First, as the wavelength decreases, the absorption of MoOCI,
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Fig. 3 | Polarization control in real and k spaces. a-c Optical images of MoOCI,

samples with single flake and twisted bilayers. Thickness, twist angle, and PEEM

measured area (red circle) are indicated. The arrows in (a—c) indicate the a-axis of

high

low

2 0 2 2 0 2 2 0 2
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MoOCI, flakes, and the flake with the orange arrow is below the flake with the

purple arrow. d-i Corresponding PEEM and FFT images with the four polarizations

at a representative wavelength of 1000 nm (¢ = 0° corresponds to x-polarization).

increases, leading to an increased loss for hyperbolic modes. Second,
the real part of &, increases as wavelength decreases, indicating a
weakening of the material's metallic properties and, consequently,
diminishing the hyperbolic properties. Third, the excitation efficiency
of the air mode is correlated with the size of the Au nanoparticle and
increases with decreasing wavelength. At even shorter wavelengths
(<520nm), no mode patterns are observed due to significant
absorption losses. Our results indicate that MoOCI, has better plas-
monic properties at longer wavelengths (e.g., >800 nm) in the near-
infrared than at shorter wavelengths (e.g., <700 nm), which seems
reasonable considering that even for conventional material Au is lim-
ited to work above - 600 nm in SPP excitations™*, and they have
similar color under optical microscope. The enhanced absorption at
shorter wavelengths originates from the d-band excitation in Au®,
whereas the case in MoOCI, is more complex, involving the total
contribution of eight bands near the Fermi level, mainly from the 4 d
orbitals of Mo atoms”.

The experimental results described above are well reproduced by
simulations and theoretical calculations using the measured permit-
tivity (See Supplementary Figs. 5-7 and further discussions on mode
analysis in the Supplementary Note 7, including hyperbolic and air
modes, as well as the lenticular mode, the latter of which can be sig-
nificantly excited at short wavelengths with y-polarization). In addi-
tion, wavelength-dependent PEEM studies on a straight sample edge
(along the y-axis) with x-polarization, along with the extracted dis-
persion relations, are presented in the Supplementary. Note 7 (Sup-
plementary Fig. 8). The effect of MoOCl, flake thickness on the excited
hyperbolic modes (Supplementary Fig. 10) and the inefficient

excitation with Au nanoparticles underneath MoOClI, (Supplementary
Fig. 16) were also explored.

Polarization control and reconstruction of IFCs

To further characterize and manipulate the anisotropic behavior of
hyperbolic plasmon polaritons, polarization control was performed
for both single MoOCI, flakes and twisted bilayers (tBLs). For a single
flake, as shown in Fig. 3a, the hyperbolic polaritons can be tailored by
laser polarization. In real space (Fig. 3d), the propagation direction of
hyperbolic modes changes with the rotation of light polarization, that
is, the two branches of the hyperbola are excited asymmetrically. Such
an asymmetry is more clearly observed in the k space (Fig. 3g), indi-
cating polarization-selective excitation in the IFCs.

In the case of MoOCl, tBLs, the hyperbolic modes of the upper
and lower layers hybridize, giving rise to new hybridized IFCs. The
twist angle between the two layers offers a degree of control over
polaritons, as already demonstrated in a-MoO5**"*. Similar to the
behavior in a single flake, laser polarization serves as an effective tool
for controlling polaritons due to polarization-selective excitation in
the hybridized IFCs. Fig. 3b, ¢ showcase two representative samples
with twist angles of approximately 52° and 90°, highlighting polar-
ization control in a twisted system (see Supplementary Figs. 11 and 12
for the hyperbolic modes in each layer forming the tBLs). At a 52° twist,
x-polarization results in directional propagation (Fig. 3e) and nearly
flat IFCs (Fig. 3h), with this directionality further enhanced at 45°-
polarization due to the flatter IFCs, and reduced at 135°-polarization. At
a90° twist, an elliptical mode emerges in real space (Fig. 3f), signifying
a topological transition induced by the twist angle, with the elliptical
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Fig. 4 | Reconstructed full IFCs. a-c Reconstructed IFCs by the superposition of
the IFCs excited from the four representative polarizations in Fig. 3g-i. The prin-
ciple of polarization-selective excitation in the IFCs is presented in (b), with the red

kx/ko

c 90°

dashed regions indicating the excitation range under specific polarizations. The
white and yellow dashed lines correspond to the IFCs of the lower and upper layers
of MoOCl,, respectively.

mode rotating alongside the polarization. More importantly, at the 90°
twist, the polarization selectivity in k space reveals rotating, square-like
IFCs (Fig. 3i), suggesting the potential for using polarization excita-
tions to reconstruct the full IFCs in k space.

As illustrated in Fig. 4, the full IFCs are reconstructed by combining
the IFCs from the four representative polarization excitations shown in
Fig. 3g-i. The range of observable IFCs is significantly expanded for
tBLs, particularly at the 90° twist. It’s important to note that at least two
orthogonal polarizations are necessary to reconstruct the full IFCs.
While using additional polarizations can improve the signal-to-noise
ratio (see Supplementary Figs. 13 and 14 and Supplementary Movie. 1),
the four representative polarizations in Fig. 3 are sufficient to achieve an
acceptable signal quality. The polarization control in PEEM is effective
and flexible, rather than by rotating the sample*®*’, which unprece-
dentedly revealed the full IFCs in the near-infrared and provided gui-
dance for the manipulation of polaritons in applications.

Manipulating polaritons with artificial structures

The PEEM measurements discussed above are based on single-point
excitation. However, for technological applications, fabricating artifi-
cial structures to control hyperbolic polaritons is a more practical
approach***°, In this study, we demonstrated the ability to manipulate
polaritons using etched ring slits on MoOCl, (Fig. 5a, b). These ring slits
act as point-array excitations, following Huygens’ principle®, as illu-
strated in Fig. 5c. The slits with predefined ring diameters (d) and slit
widths (w) were fabricated using a focused ion beam (FIB). Repre-
sentative PEEM images of a ring slit (d =10 pum; w =25 nm) at different
wavelengths and x-polarization are presented in Fig. 5b. Both the
variation in internal propagation patterns and external nanofocusing
with changing wavelength can be observed, which aligns with the
schematics provided in real and k spaces in Fig. 5c, d.

Hyperbolic polaritons offer the potential for superior nanofo-
cusing compared to conventional SPPs, as they support much higher k-
values, allowing them to surpass the diffraction limit. Polarization
control of the hyperbolic mode was also demonstrated using ring slits
to manipulate polariton propagation and focusing (Fig. Se, f), high-
lighting their potential use in practical devices. In addition, the exci-
tation efficiencies of hyperbolic polaritons with varying slit widths are
explored in Supplementary Fig. 15. PEEM can further be utilized to
characterize and detect more complex structures and devices on
MoOCl,, aiding in the optimization of their performance.

In summary, we have experimentally revealed the broadband near-
infrared hyperbolic plasmon polaritons supported by MoOClI, flakes
with the ultrahigh-spatial-resolution PEEM. The polaritons were

dynamically tailored and controlled through tunable light polarization,
wavelength at normal incidence and interlayer twist, observed in both
real and k spaces. Particularly, the full iso-frequency contours were
reconstructed by incorporating polarization-selective excitations. In
addition, we demonstrated the feasibility to manipulate polaritons using
designed artificial structures on MoOCl,. This study also highlights
PEEM as a highly effective method for nanoimaging polaritons in vdW
materials, offering significant potential for nanoscale light manipula-
tion. We believe that this work will stimulate broad interest in hyperbolic
physics and its applications, including hyperbolic topological photo-
nics, hyperbolic LSPRs, and hyperbolic polarization and sensing devices.

Methods

Sample fabrication and characterizations

The MoOCI, flakes were mechanically exfoliated on poly-
dimethylsiloxane (PDMS) sheets from bulk crystals (Nanjing MKNANO
Tech. Co., Ltd. (www.mukenano.com)), and the thicknesses of the
MoOCl, flakes were estimated from the reflected color under optical
microscopy and verified by atomic force microscopy (AFM). The
selected MoOCl, flakes were transferred onto the soda-lime glass or
silica glass substrate with ~ 10 nm ITO layer, by using the all-dry transfer
method under optical microscopy. The transferred MoOClI, flakes were
then covered with sparse SiO,-coated Au nanoparticles (5nm SiO, @
200 nm Au, Nanjing/Jiangsu XFNANO Materials Tech Co., Ltd) or etched
with a series of nanostructures by using focused ion beam (FIB). The
5nm SiO, shell was used to reduce the photoemission intensity of bare
Au nanoparticles, which is an essential trick for successful PEEM
experiments. We also tested samples with 100 nm Au nanocubes or
200 nm Au nanoparticles underneath MoOCI, flakes. The character-
izations of samples include optical images, scanning electron micro-
scopy (SEM) images and AFM measurements. All samples were
annealed under an ultrahigh vacuum (approximately 10° Torr) at
120 °C for 20 min before being loaded into the PEEM main chamber.

PEEM measurements

The PEEM measurements were performed on a high-resolution low-
energy electron microscopy (LEEM)/PEEM system (ACSPELEEM III,
Elmitec GmbH). A commercial Ti:sapphire femtosecond laser (Mai Tai
HP, Spectra-Physics, pulse duration: 80-100fs) operated at
690 —1040 nm (2.9 W @ 820 nm) with a repetition rate of 80 MHz and
an optical parametric oscillator (OPO) (Inspire Auto 100, Spectra-
Physics, second harmonic generation (SHG) port: ~360-500 nm,
signal port: ~490 — 750 nm, idle port: ~930 —1800 nm) were used to
provide a tunable laser (-360-1800 nm) for PEEM measurements.
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Fig. 5 | Manipulation of hyperbolic polaritons with artificial structures.

a Optical image of a representative MoOClI, flake (- 60 nm) with etched ring slits.
b PEEM images at different wavelengths with x-polarization at normal incidence, for
the ring slit marked in (a). The yellow dashed lines indicate the focusing of
hyperbolic polaritons outside the ring slit. ¢, d Schematics of internal propagation

4 2 0 2 4 4
ke/ko

0 2
kx/ko

and external nanofocusing induced by the curvature of ring slit in real and k spaces,
respectively. In (c), the colors indicate the electric field intensity (low in blue and
high in red). e, f Polarization control for another ring slit on a -~ 50 nm MoOCl, flake
in real and k spaces, respectively.

The pulses were focused on the sample surface at normal incidence
with a spot diameter of approximately 100 pm. The polarization of the
laser is controlled by a A/2 waveplate. A sub-monolayer of cesium (Cs)
was deposited on the sample surface, reducing the work function to
facilitate the two-photon photoemission process. All PEEM measure-
ments were performed at ~ 85K (liquid nitrogen cooling) to achieve
better Cs deposition.

Simulations

The experimental results for MoOClI, excited by Au nanoparticles were
well reproduced by finite-difference time-domain simulations using
the measured permittivity. In the simulations, a 40 nm MoOClI, flake
was used on a 10 nm ITO layer and glass substrate, with an Au nano-
particle (5 nm SiO, coated 200 nm Au sphere) on top of the MoOCl,
flake. The in-plane refractive index of MoOCI, was obtained from our
measurements. The excitation light was set to normal incidence with x-
or y-polarization.

Data availability

The data supporting the findings are displayed in the main text and the
Supplementary Information. All raw data are available from the cor-
responding authors upon request.

Code availability
Codes supporting the results of this work are available from the cor-
responding authors upon request.
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