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Abstract18

Hyperbolic polaritons offer a promising approach for subwavelength light confinement and19

manipulation. While extensively explored across mid-infrared to terahertz bands, achieving long20

distance focusing at visible frequency remains challenging due to the trade-off between long21

propagation and strong compression. In this work, we demonstrate a mode-selection strategy and22

experimental approach to achieve long-distance subwavelength in-plane focusing at visible23

frequency. By integrating an Au metastructure with the natural hyperbolic material MoOCl2, we24

convert surface plasmon polaritons (SPPs) into surface plasmon hyperbolic polaritons (SPHPs),25

enabling selective excitation and focusing of the low-momentum (low-k) mode in the hyperbolic26

material. Furthermore, by modulating the thickness of the MoOCl2 layer, we leverage the intrinsic27

high-k component to synergistically enhance both long propagation distance and strong field28

compression. Using transmission-mode scanning near-field optical microscopy (SNOM) and29

quantitative methods, we demonstrate a focal length of 2.5λ and a focal spot with a full width at30

half maximum (FWHM) of λ/5 under 633 nm excitation, accompanied by a three-fold energy31

enhancement. This visible-band long-focus system offers significant potential for non-contact32

nanoscale probing, integrated photonics, and optical interconnects. The proposed mode-selection33

methodology provides a versatile design paradigm for coupling hyperbolic polaritons with34

multiple plasmonic excitations, paving the way for advanced applications in photonic information35

processing.36



Introduction37

Achieving deep subwavelength control of light is a crucial challenge in nanophotonics1-3.38

Hyperbolic polaritons (HPs) in anisotropic van der Waals materials4,5 and metamaterials6,7 have39

emerged as a promising solution beyond traditional resonant cavities and nanoantennas, which40

enables diffraction-unlimited light confinement and manipulation8,9, facilitating applications41

including super-resolution imaging10,11, thermal management12,13, and integrated nanophotonic42

circuits14, etc.43

The potential of hyperbolic polaritons has been extensively demonstrated from mid-infrared15,1644

to terahertz17,18 frequencies, achieving remarkable deep subwavelength manipulation. Specifically,45

the dispersion and propagation of these polaritons can be precisely engineered through multilayer46

stacking19,20, structural geometry design21,22, and changes in the dielectric environment23-25,47

enabling applications such as directional wavefront steering26-29, negative refraction30-34 and48

hyperlensing35-39.49

While these capabilities are well-established at lower frequencies, extending hyperbolic50

polariton operations to the visible spectrum remains highly desirable, as it would provide access to51

standard optical communication bands and enable advancements in quantum devices40,41. Recent52

studies have shown that MoOCl2 exhibits hyperbolic properties in the visible frequency with53

significant tunability42-46, making it feasible to achieve strong light compression and unlocking54

applications such as hyperlensing in this range.55

However, achieving long-focal-length subwavelength focusing in the visible frequency remains56

challenging due to the trade-off between long propagation distances and strong compression.57

Conventional designs rely on localized surface plasmon resonances (LSPR) to excite intrinsic58

high-momentum (high-k) hyperbolic modes. This approach locks the excitation to the fixed59

hyperbolic angle of the material, offering strong confinement but resulting in excessively short60

focal lengths in the visible band. Conversely, low-momentum (low-k) excitation modes with61

longer propagating distance suffer from momentum mismatch with the high-k hyperbolic states,62

restricting the selective excitation and the practical application of hyperbolic materials at visible63

frequency.64



In this work, we demonstrate a mode-selection strategy and experimental approach to achieve65

long-focal-length subwavelength in-plane focusing at visible frequency. By integrating an Au66

metastructure with the hyperbolic material MoOCl2, we convert surface plasmon polaritons (SPPs)67

into a new electromagnetic mode, namely surface plasmon hyperbolic polaritons (SPHPs),68

enabling selective excitation and focusing of the low-k mode in the hyperbolic material.69

Furthermore, by modulating the thickness of the MoOCl2 layer, we exploit the intrinsic high-k70

component to synergistically enhance both long propagation distance and strong field compression.71

Using transmission-mode scanning near-field optical microscopy (SNOM) and quantitative72

analysis, we verify a focal length of 2.5λ and a focal spot with a full width at half maximum73

(FWHM) of λ/5 under 633 nm excitation, accompanied by a three-fold energy enhancement. This74

visible-frequency long-focal-length system offers potential for non-contact nanoscale probing,75

integrated photonics, and optical interconnects. The proposed mode-selection methodology76

provides a versatile design paradigm for coupling hyperbolic polaritons with multiple plasmonic77

excitations, paving the way for advanced photonic applications.78

Results79

80

Figure 1. Core setup and mechanisms of the two-step focusing. (a) Structure and measurement81

apparatus. (b) Mechanisms of the two-step focusing process through mode-selection design,82

featuring the conversion of SPPs into SPHPs and the synergy between low-k and high-k83

components. The cross-sectional profile of the electric field intensity along the z-direction reveals84

the propagation of different momentum components.85



Figure 1(a) depicts the core setup of our experiment, where a thin MoOCl2 layer (Mo-O chain86

along the x-axis with εx < 0, εy, εz > 0) is transferred onto an Au film with a 2 nm Al2O3 spacer,87

followed by focused ion beam (FIB) milling of through holes on the Au film and the edge profile88

of MoOCl2. Fabrication details and sample images are shown in Figure S1 and S2. Near-field89

measurements are performed using a transmission-mode SNOM configuration that selectively90

excites propagating SPPs while eliminating direct direct laser excitation and tip-induced field91

changes (full optical path shown in Figure S3). More importantly, our previously established92

quantitative method allows for direct measurement of the near-field electric field strength,93

providing a reliable approach to analyze absolute field intensities across different material regions94

and evaluate focusing performance (for details on the effective charge sphere quantitative method,95

see Ref. [47]).96

Based on the structure and measurement apparatus, Figure 1(b) illustrates our two-step focusing97

mechanism through mode-selection strategy. In the region of interest, SPPs on the Au film are98

excited and undergo initial interference focusing via the designed metastructure of holes48. Upon99

reaching the semicircular edge of MoOCl2 (400 nm in diameter, optimized to assist focusing), the100

SPPs are converted into SPHPs, where the in-plane hyperbolicity of MoOCl2 reshapes the101

wavefront, enabling subsequent focusing.102

The SPHP introduced here is a hybrid interfacial mode that combines the characteristics of both103

SPPs and hyperbolic polaritons (HPs), representing a distinct electromagnetic mode in the visible104

frequency. It originates from the selective excitation of low-k modes, without requiring dedicated105

nanostructures to generate specific high-k states. The SPHP effectively modulates the wavefront,106

converting a diverging SPP wave into a convergent, long-focal-length beam. Meanwhile, the107

high-k modes excited at the MoOCl2 edge further compress the propagating field. The momentum108

synergy between high-k and low-k modes ultimately achieves subwavelength focusing with an109

extended focal length, which relies on precise structural design to ensure momentum matching110

between the SPPs on the Au substrate and the HPs in the MoOCl2 layer, and to balance the111

contributions of both high-k and low-k modes for coordinated performance.112



113

Figure 2. Controlling the momentum matching and synergy by varying the MoOCl2 thickness.114

(a)-(d) Momentum matching through thickness-dependent IFCs. (e)-(h) Experimentally measured115

z-component of the surface electric field distribution |Ez/E0|2 for 0 nm (bare Au), 20 nm, 40 nm,116

and 60 nm MoOCl2 layers, respectively. (i)-(l) FEM simulation results corresponding to the117

experimental measurement in (e)-(h). (m) Focal length and FWHM for different MoOCl2118

thicknesses. Scale bar, 500 nm.119

Following the mode-selection theory, isofrequency contour (IFC) analysis49 was performed to120

verify the low-k matching condition for efficient wavefront shaping. Figure 2(a)-(d) shows the IFC121

of Au SPP and MoOCl2 layers with MoOCl2 thicknesses ranging from 0 to 60 nm under 633 nm122

excitation, respectively. It is seen that as thickness increases, the MoOCl2 dispersion transitions123

from elliptical to hyperbolic, with an increasing hyperbola vertex. Specifically, near 40 nm124

thickness, the dispersion of Au SPP intersects that of hyperbolic MoOCl2, satisfying momentum125

matching and enabling efficient wavefront modulation. For comparison, Figure S4 shows IFCs of126

MoOCl2 on a quartz substrate and in freestanding form, where the hyperbola vertex remains127

beyond kSPP for all thicknesses. This confirms the role of the Au substrate in facilitating128

momentum matching and selective excitation.129

Based on the models and methods, transmission-mode SNOM measurements and finite element130

method (FEM) simulations were performed on samples with 0 nm (bare Au substrate) and 20, 40,131

and 60 nm thick MoOCl2 layers. The resulting squared ratio of the z-component of the surface132

electric field |Ez/E0|2 are shown in Figure 2(e)-(h) and (i)-(l), respectively, with the edge profile of133



the MoOCl2 layer indicated by the white dashed line. Notably, the experimentally measured field134

strength was processed using our established quantitative method to remove dielectric-induced135

signal variations, revealing the intrinsic field distribution, as discussed in Figure S5. One can see136

that the experimental field strength and distribution show excellent agreement with that of the137

FEM simulations.138

Across the four thicknesses, the hotspot patterns consistently exhibit SPP propagation on the Au139

film, along with thickness-dependent wavefront modulation by MoOCl2 (except for the bare Au140

case). For the 20 nm sample, the MoOCl2 layer is too thin to significantly alter the wavefront, and141

the behavior remains similar to that observed on bare Au. The 40 nm sample shows clear142

wavefront shaping, resulting in an extended focal length and a smaller focal spot. In the 60 nm143

case, higher propagation loss restricts the effect primarily to the edge hotspot.144

Furthermore, the focal length and FWHM extracted from simulations as functions of the145

MoOCl2 thickness are shown in Figure 2(m) (left and right axes, respectively). The focal length is146

defined as the distance from the right edge of the middle hole in Figure 2(i) to the focal point. It is147

observed that as the MoOCl2 thickness increases, both the focal length and the FWHM decrease,148

indicating a shift of the focusing behavior toward stronger spatial confinement but reduced149

propagation distance. This thickness dependence reveals that thicker MoOCl2 layers enhance the150

contribution of high-k components, leading to tighter confinement, while thinner layers preserve151

low-k components, favoring long-distance propagation. Consequently, a moderate thickness of 40152

nm represents an optimal compromise that simultaneously enables an extended focal length and a153

narrowed focal spot size, and is therefore selected for subsequent quantitative analysis.154

In addition, the proposed momentum synergy is further validated through two-dimensional fast155

Fourier transform (FFT) filtering (Figure S6) and rotation of the MoOCl2 crystal axis (Figure S7).156

Both approaches clearly separate the low-k and high-k contributions and consistently demonstrate157

that the low-k component is responsible for extending the propagation distance, while the high-k158

component enhances the spatial confinement. Their effective synergy enables long-distance159

subwavelength focusing in the visible-frequency hyperbolic system.160



161

Figure 3. Verification of SPHP mode focusing. (a) and (d) Experimentally measured real part of162

the electric field distribution Re(Ez/E0) for the 0 nm MoOCl2 (bare Au) and 40 nm MoOCl2 sample,163

respectively. (b) and (e) Corresponding FEM simulation results for the 0 nm and 40 nm sample,164

respectively. (c) and (f) Re(Ez/E0) profile along the x-axis for the 0 nm and 40 nm sample, with165

wavevectors fitted as kSPP = 1.04k0 and kSPHP = 1.29k0, respectively (fitting of the 40 nm sample166

performed only on the MoOCl2-covered area, with the uncovered Au area indicated by the yellow167

region). Scale bar, 500 nm.168

To further validate the SPHP wavefront shaping mechanism, Figure 3(a) and 3(d) display the169

real part of the electric field distributions for the 0 nm (bare Au) and 40 nm MoOCl2 samples,170

respectively. In contrast to the circular wavefront on the bare Au substrate, SPHP in the 40 nm171

MoOCl2 sample exhibits an inversely curved wavefront with a characteristic focused profile172

(indicated by the black dashed line), confirming effective hyperbolic wavefront shaping. Minor173

wavefront deformation results from a slight misalignment between the SPP propagation direction174

and the MoOCl2 crystal axis. The corresponding simulation results shown in Figure 3(b) and 3(e)175

demonstrate well agreement between experiment and simulation. Notably, the simulation for the176

40 nm sample also includes the high-k focal point, which is of a small size and positioned close to177

the MoOCl2 edge as expected. However, due to resolution and attenuation limitations, these high-k178



signals cannot be distinguished in the experiment, highlighting the importance of extending the179

focal length.180

Crucially, the distributions of the electric field’s real part along the x-axis, along with their181

corresponding damped plane waves fitting curves, are shown in Figure 3(c) and 3(f), respectively.182

It is seen that the wavevectors align with those expected for the SPP at the Au-air interface (kSPP =183

1.04k0), and with the slight increase in the SPHP wavevector (kSPHP = 1.29k0) due to the dielectric184

change after covering the MoOCl2 layer. This confirms that the long-range propagating and finally185

focused wavefront results from the low-k SPHP mode, rather than the intrinsic high-k modes.186

187

Figure 4. Quantitative analysis of the focal performance. (a) k-space wavefront direction under188

momentum engineering theory. (b) Schematic illustration of real-space propagation and focal189

length. (c) FWHM as a function of position for the 0 nm and 40 nm samples. (d) and (e) |Ez/E0|2190

profile at the focus for the 0 nm and 40 nm samples, with FWHM fitted as 220 nm and 120 nm,191

respectively.192

Following the momentum modulation theory and approach, we quantitatively analyzed the193

relationship between the k-space propagation direction and the real-space focal performance. As194

shown in Figure 4(a), the k-space intersection points of the SPP wavevector and the hyperbolic195

curve are determined at (kx0,ky0), where a normal (at an angle θ with the x-axis) is drawn to define196

the SPHP propagation direction. The focal length can be determined by the following equation,197
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where f0 represents the distance from the focal point to the edge of the MoOCl2 layer, and D0 is the199

spot size of the SPP when it reaches the MoOCl2 edge. Based on the two-step focusing process,200

the SPHP focusing combined with the SPP focusing yields a total focal length of f=x0+f0, where x0201

is the distance from the start point of SPP to the MoOCl2 boundary, as shown in Figure 4(b).202

For quantitative evaluation of the focal performance, Gaussian peak fitting was applied on the203

y-direction profiles of the field intensity |Ez/E0|2 along the SPP and SPHP propagation path. The204

extracted FWHM as a function of position is shown in Figure 4(c), where the data points represent205

the experimental results and the solid lines indicate piecewise linear fits. A clear discontinuity is206

observed for the 40 nm sample, which originates from scattering at the semicircular MoOCl2 edge.207

This scattering induces an abrupt change in the field profile at the edge where SPPs are converted208

into SPHPs, as indicated by the blue dashed line in the figure.209

As shown in Figure 4(c), the SPHP focusing in the 40 nm sample exhibits a longer focal length210

and a smaller final spot size than the bare Au case, demonstrating that the two-step focusing via211

SPHP achieves better performance than direct SPP focusing. Based on geometric considerations212

and the small-angle approximation, the slope of the FWHM evolution with propagation distance is213

expected to be tan(2θ). The experimentally extracted slope agrees well with this theoretical214

prediction, confirming the long-focal-length characteristic of the SPHP mode.215

Specifically, the |Ez/E0|2 profiles and their Gaussian fits at the focus are shown in Figure 4(d)216

and 4(e) for the 0 nm and 40 nm cases, respectively. It is seen that the bare Au SPP yields a focal217

length of 800 nm and a FWHM of 220 nm. In contrast, SPHP in the 40 nm MoOCl2 sample218

achieves a focused spot with a focal length of 1600 nm (approximate 2.5λ under 633 nm219

excitation) and a FWHM of 120 nm (about λ/5), below the diffraction limit. Moreover, using our220

established quantitative method, the field intensity at the focus shows a 3-fold enhancement over221

the incident illumination and a 4-fold enhancement relative to the SPP intensity at the same222

position on bare Au. These performances collectively demonstrate the capability of our approach223



to realize subwavelength focusing with an extended focal length in the visible frequency.224

These results not only validate our theoretical model but also establish practical design225

principles for coupling and modulating hyperbolic polaritons with other plasmonic modes through226

dispersion engineering in momentum space. The demonstrated two-step focusing approach227

through our proposed SPHP mode differs from traditional combination between localized plasmon228

resonances and high-k hyperbolic polaritons, providing stronger field enhancement, customizable229

wavevectors, and extended focal lengths. Future work could comprehensively leverage multiple230

hyperbolic modes through methods such as structural geometry design, boundary modification,231

and changes in the dielectric environment, unlocking the potential of mode-selection approach to232

achieve greater design freedom in advanced nanophotonic devices.233

Conclusions234

In conclusion, we have established a mode-selection strategy and experimental approach for235

achieving long-distance subwavelength in-plane focusing at visible frequency. By selectively236

exciting and matching low-k modes in the Au metastructure and MoOCl2 layer, we have converted237

SPPs into a new electromagnetic mode, SPHPs, achieving two-step focusing. Transmission-mode238

SNOM measurements and quantitative analysis confirm a focal length of 2.5λ and a focal spot239

with a FWHM of λ/5 at 633 nm, along with a three-fold energy enhancement, validating the240

effectiveness of our mode-selection strategy for long-distance subwavelength confinement and241

manipulation.242

Furthermore, the mode-selection approach introduced here significantly expands the design243

freedom of visible-frequency hyperbolic systems. By tailoring the accessible dispersion of the244

hyperbolic material, multiple excitation channels can be efficiently matched and coupled, without245

relying on dedicated nanostructures to generate specific high-k states. This compatibility with246

diverse incident wavevectors enables selective mode excitation, flexible wavefront shaping, and247

advanced polariton engineering, offering a versatile platform for multifunctional nanophotonic248

operations. Overall, this mode-selection paradigm opens promising opportunities for non-contact249

nanoscale probing, photonic circuitry, and integrated polaritonic devices.250



Methods251

Samples fabrication252

A 4 nm Ti layer followed by a 110 nm-thick Au layer was deposited on a quartz substrate253

(sequentially cleaned in acetone, alcohol and deionized water baths ultrasonically) by an e-beam254

evaporation system with a background vacuum level of 9×10-5 Pa, at a rate of 0.3 Å/s.255

Subsequently, a 2 nm Al2O3 spacer layer was grown at 200°C via atomic layer deposition (Micro256

& Nano Tech). The MoOCl2 flakes with designated thickness were mechanically exfoliated on257

polydimethylsiloxane (PDMS) sheets from bulk crystals (Nanjing MKNANO Tech. Co., Ltd.258

(www.mukenano.com)), and then transferred onto the substrates. The MoOCl2 and exposed Au259

regions were sequentially patterned to form the designed geometry by focused ion beam milling260

(ZEISS) using gallium ions at a rate of 5 pA. Detailed fabrication steps are provided in Figure S1.261

Transmission-mode SNOM measurement262

The near-field electric fields were measured using a modified commercial transmission-mode263

SNOM system (Neaspec GmbH), where samples were illuminated from the substrate side with a264

vertically incident 633 nm He-Ne laser (Necsel), polarized along the x-axis. A Pt-Ir coated AFM265

tip (Nanoworld), operating in tapping mode (f ≈ 280 kHz), served as the near-field scatterer. The266

scattered signal was collected through a parabolic mirror positioned above the sample and267

recorded by an MCT detector. The signal was then converted into electrical signals, amplified, and268

demodulated to obtain both amplitude and phase information, with third-order demodulation269

applied in this work. The complete experimental setup is illustrated in Figure S3.270

FEM simulation271

Commercially available COMSOL Multiphysics software was used to simulate the near-field272

electric fields of the samples upon illumination of a laser linearly polarized along the x axis. The273

surrounding perfect match layer (PML) and two ports along the light propagation direction were274

applied in the simulation. The dielectric functions of the Au film and silica substrate were taken275

from ellipsometric measurements, and that of MoOCl2 was adopted from Ref. [42]. The276



z-component of electric-field at the sample surface was extracted as simulation results.277

FFT Processing278

The surface electric field distribution (including both real and imaginary components) obtained279

from simulations was processed using FFT in MATLAB. The original electric field was subjected280

to FFT, filtered, and then inverse FFT was applied to obtain the electric field distributions for the281

high-k and low-k components. The filtering cutoff frequency was based on the SPHP wavevector,282

and a Butterworth smoothing filter was used, ensuring that the SPHP remained in the low-k range.283

Analytical calculations of the IFC284

The IFCs of hyperbolic modes supported by MoOCl2 thin layers are described using the285

established theory in Ref. [49]. We consider an MoOCl2 thin slab with thickness d between two286

isotropic media with dielectric permittivity ε1 and ε3, respectively. The dispersion relation for287

electromagnetic modes is given as,288
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where 0 ,
, 2

x y
x y

k d
i


  are the normalized effective conductivity components and ,
,

0

x y
x y

k
q

k
 . In290

our case, ε1 = 1 (air) and ε3 takes values of -11.66 (Au), 2.25 (quartz), or 1 (freestanding),291

corresponding to the cases shown in Figure 2 and Figure S4.292

293

Data availability294

The data that support the findings of this study are available from the corresponding author295

upon reasonable request.296
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