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 21 

Abstract 22 

Controlling the direction of light emission on the subwavelength scale is a key 23 

to manipulating light and improving efficiency in optical sensing and quantum 24 

information processing. In functional metasurfaces, photonic spin angular 25 

momentum is widely used to control the propagation of light emission by 26 

geometric phase, but it is challenging to accomplish using monolayer materials 27 

because of lacking optical resonance in atomic thickness. Furthermore, the 28 

manipulation of the optical geometric phase based on spin angular momentum 29 

beams typically offers only two tunable states. Here, we report optical control 30 

of free-space routing of second harmonic generation in monolayer MoS2 31 

assisted by photonic orbital angular momenta. The experimental directionality 32 

of the second harmonic light can reach 0.84. Moreover, we can dynamically 33 

route the second harmonic generation signal on the engineered monolayer 34 

MoS2 with four directions, showing high-order information encryption. Our 35 

findings thus provide great flexibility and more degrees of freedom in nonlinear 36 

optical modulation, integrated photonics, and dynamic flat optics. 37 

 38 

INTRODUCTION 39 

Controlling over the directional propagation and emission properties of light is the key to 40 

modulating the flow of light and improving efficiency in optical communication and 41 

quantum information processing (1,2). To control the directional emission of light waves, it 42 

normally requires appropriate light field regulation methods (3). Recently, it was reported 43 

that the directionality of emitted light could even be realized with specific nanostructures 44 

such as optical microcavities (4), waveguides (5–9), metasurfaces (10–12) and photonic 45 
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crystals (13–14). Moreover, by reducing the dimension of nanostructures to the atomic scale, 46 

the atomic devices show great potential for nano-optics and integrated photonic systems 47 

(15). However, it is challenging to dynamically shape optical wavefront on atomic structures 48 

mainly because of the lack of optical resonant phases. 49 

Two-dimension (2D) materials especially 2D transition metal dichalcogenides (TMDCs) 50 

have attracted extensive attention due to their excellent optoelectronic (16–19), catalytic 51 

(20–21), and mechanical properties (22–23). Monolayer TMDCs, such as Group VIB (MoS₂, 52 

WS₂, MoSe₂, WSe₂) are direct-bandgap semiconductors with high photoluminescence 53 

quantum yields, and their valley polarization can be optically excited and modulated due to 54 

unique valley-optical selection rules (24–25). Furthermore, their thin atomic thickness and 55 

natural inversion-symmetry-breaking properties make them have large nonlinear 56 

susceptibility under the premise of relaxing phase matching (26). A monolayer of atoms 57 

represents the ultimate miniaturization of optical device thickness, and the exceptional 58 

optoelectronic properties of TMDCs have driven their utilization in the development of 59 

atomically thin optoelectronic devices (15, 27–29). However, tunable directional two-60 

dimensional material-based optical devices using photonic spin-orbit coupling typically 61 

require the assistance of metasurfaces (1–3, 11–13), photonic crystals (4, 14), or external 62 

fields (30), which results in the device thickness still being more than 100 nm (Fig. 1A). 63 

Furthermore, most spin-dependent devices only have two tunable states, which limits the 64 

degrees of freedom and multidimensional control. 65 

Optical angular momentum may serve as a viable approach for switching the directionality 66 

of photon emission in atomic-layer devices. In addition to spin angular momenta (SAM), 67 

vortex beams possess orbital angular momenta (OAM), which is an integer multiple of the 68 

reduced Planck constant ℏ (31–32). In particular, OAM beams attach great interesting to 69 

free-space optical communications due to their theoretically infinite number of orthogonal 70 

topological states (33–36). Recently, the generation of nonlinear vortex beams based on 2D 71 

materials has been studied (37–38), but controlling the nonlinear directional emission by 72 

OAM beams remain unexplored. 73 

Here, we have theoretically and experimentally demonstrated an atomic-scale photonic 74 

device based on a 2D material. Distinct from the spin-orbit coupling, structured light with 75 

OAM offers a viable solution to overcome the thickness restriction (Fig. 1B). The 76 

directionality of the second harmonic generation (SHG) from monolayer TMDCs in free 77 

space can be controlled by manipulating the sign of the topological charge (TC) of the 78 

incident vortex beam. As shown in Fig. 1C, our structures consist solely of a monolayer 79 

material on a sapphire substrate. We demonstrate a significant intensity asymmetry between 80 

the positive and negative first-order diffracted second-harmonic (SH) beams in free space 81 

by incident OAM beam with TC = ℓ. The experimental directionality of SH emission in 82 

monolayer TMDC can reach 0.84 and it increases with the grating mode 𝑚 and the TC of 83 

the incident light, approaching the theoretical limit of 1. We achieve multidimensional 84 

routing on the ultrathin structures, enhancing flexibility for future atomic-scale 85 

optoelectronic devices and planar optics. 86 

 87 

 88 

RESULTS 89 
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The mechanism underlying directional emission controlled by OAM 90 

As shown in Fig.1D, MoS2 exhibits honeycomb structure, which consists of a molybdenum 91 

(Mo) atomic layer sandwiched between two sulfur (S) atomic layers. There is a remarkable 92 

second-order nonlinear susceptibility 𝜒(2)  owing to the inherent structural inversion 93 

symmetry breaking. It has been reported that the monolayer MoS2 belongs to the 𝐷3h point 94 

group (39–40). Generally speaking, 𝜒𝑥𝑥𝑥
(2)

= −𝜒𝑥𝑦𝑦
(2)

= −𝜒𝑦𝑦𝑥
(2)

= −𝜒𝑦𝑥𝑦
(2)

= 𝜒(2) , where 𝑥 95 

and 𝑦 refer to the armchair and zigzag directions, respectively (41). 96 

Based on angular momentum conservation in the SHG, the projection of OAM onto the 97 

optical axis is conserved. Given an incident fundamental beam possessing OAM with TC =98 

ℓ, the resulting SH field comprises photons characterized by OAM with TC = 2ℓ (42–43). 99 

Distinct from the flipping of the SAM that depends on the symmetry of the monolayer 100 

material (41), the doubling of the OAM can be attributed to the angular momentum 101 

conservation (see Supplementary Note 1 for details). Here, we utilized the cylindrical lens 102 

transformation method to demonstrate the topological charge of vortex beams. The number 103 

of dark stripes equals the absolute value of the topological charge, while the orientation of 104 

the stripes indicates the sign. For the second-harmonic beams generated by 2D materials, 105 

the number of stripes is doubled and the sign remains identical (fig. S2). 106 

We fabricated computer-generated binary fork grating holograms on chemical vapor 107 

deposition (CVD) grown monolayer MoS₂ using femtosecond laser direct writing (see 108 

Methods for details). The fork grating is formed by the superposition of a helical phase with 109 

mode 𝑚 and a gradient phase with a period of Λ. The binary amplitude modulation of the 110 

second-order nonlinear susceptibility given by (44–45) 111 

 𝜒eff
(2)(𝑥, 𝑦) = 𝜒(2)  { 

1

2
 +  

1

2
sign [cos { 

2𝜋𝑥

Λ
− 𝜙(𝑥, 𝑦) } − cos{sin−1𝐴(𝑥, 𝑦)}]}      (1) 112 

where 𝜙(𝑥, 𝑦) and 𝐴(𝑥, 𝑦) are the phase and amplitude profiles of desired beam wavefront 113 

in the hologram plane. The phase profile of the fork grating with mode 𝑚 is 114 

𝜙(𝑥, 𝑦) = {
𝑚 ∙ tan−1 ( 

𝑦

𝑥
 )       𝑥 ≥ 0

𝑚 ∙ (tan−1 ( 
𝑦

𝑥
 ) + π)       𝑥 < 0

                                (2) 115 

and the amplitude profile is 𝐴(𝑥, 𝑦) = 1. In analogy to the spin-valley locking observed in 116 

monolayer MoS2 (46), an angular momentum conservation emerges in monolayer TMDCs 117 

and other nonlinear materials when illuminated with a beam carrying OAM, resulting in the 118 

SHG beam carrying twice the TC. It has been widely reported that the SH vortex beam with 119 

TC = 𝑚 appears at the first order when a fundamental Gaussian beam is incident upon such 120 

a fork grating. When incident by OAM beams, as shown in Fig. 1E, the sequential process of 121 

SHG and nanograting diffraction determines the resulting vortex configurations. 122 

Considering an incident vortex ( ℓ ) and nanograting ( 𝑚 ), the diffraction-SHG path 123 

follows ℓ → ℓ − 𝑚 → 2(ℓ − 𝑚) , leading to a −1st-order k-space beam with a charge 124 

of 2ℓ − 2𝑚. In contrast, the charge evolves as ℓ → 2ℓ → 2ℓ − 𝑚 by following the SHG-125 

diffraction path. Intriguingly, although both the SHG process and nanograting modulation 126 

are generated on the same monolayer 2D materials, the final optical phenomenon shows 127 

that the SHG process precede the diffraction process. It is reasonable because the SHG 128 

process can only occur in the ultrathin monolayer materials. Consequently, the nonlinear 129 

polarization wave is inherently patterned according to the nanograting geometry at the 130 

moment of its inception. These spatially modulated polarization sources subsequently 131 

radiate into the far field, where they undergo coherent superposition to form diffraction 132 

orders. Furthermore, the TC of the 𝑘-th diffraction order is given by 2ℓ + 𝑘 ∙ 𝑚 (see further 133 
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theoretical derivations in Supplementary Note 2). First, the nonlinear process occurs when 134 

the beam is incident, which effectively doubles the TC of the incident beam. Subsequently, 135 

the SHG beam interacts linearly with the nanograting, resulting in diffraction modulation. 136 

Particularly, if 𝑚 = 2ℓ, a bright spot will be observed in the -1st order diffraction, while a 137 

significantly larger ring appears in the opposite diffraction order, thus achieving a 138 

substantial intensity contrast between the two diffraction orders and enabling directional 139 

emission from the ultrathin material, as shown in Fig. 1B. Moreover, for materials that 140 

support of 𝑛 th-order high-harmonic generation, a generalized relation can be derived: 141 

ℓ𝑛𝜔 = 𝑛ℓ𝜔 + 𝑘𝑚 , where 𝑛  is the harmonic order, ℓ𝜔  is the OAM of the pump beam. 142 

Directional emission can thus be similarly achieved by combining the nonlinear frequency 143 

conversion with the phase modulation from the structured beam. In our experiments, the 144 

directionality of the emission changes when the sign of the topological charge of the incident 145 

vortex beam is altered. The angle of directional routing is governed by the grating period. 146 

According to the Raman-Nath diffraction regime, the emission angle in ultrathin materials 147 

is (47)47 148 

𝜃SHG = sin−1 (
𝜆SHG

Λ
)                                                 (3) 149 

where 𝜆SHG is the SH wavelength. We present a simple method for achieving directional 150 

beam routing on ultrathin materials. When the material thickness is reduced to monolayer, 151 

its linear light–matter interaction becomes very weak. In our experiments, the monolayer 152 

MoS₂ has a thickness of only ~0.7 nm, which is far smaller than the operating wavelength 153 

of femtosecond laser light (~800 nm). Consequently, the light-matter interaction path is 154 

extremely short, resulting in a very small linear optical response—typically, the absorption 155 

of monolayer MoS₂ is less than 2% at the wavelength of ~800 nm (48). In our experiments, 156 

no obvious directionality can be measured in the linear processes on the ultrathick device 157 

(fig. S3). However, in the nonlinear regime, we can observe a clear directionality of second-158 

harmonic diffraction on the patterned fork grating. 159 

Optical setup and second-harmonic detection 160 

The optical setup is shown in Fig. 2A. The laser system emits stable pulsed laser light with 161 

a central wavelength of 796 nm and a pulse width of 75 fs. A reflective phase-only spatial 162 

light modulator (SLM) is used to generate vortex beams with varying topological charges. 163 

The vortex beam is focused onto the MoS₂ with a 50× objective, and the generated second 164 

harmonic signal is collected. A low-pass filter is placed in the collection path to block the 165 

residual fundamental frequency beam. Finally, the SH beam is focused onto a charge 166 

coupled device (CCD). The observing 𝑘-space can be achieved by adding an additional 167 

Fourier lens to the optical path. Figure 2B shows triangular monolayer MoS₂ grown on a 168 

sapphire substrate using CVD. 169 

As shown in Fig. 2C, an optical microscope photograph of the size and morphology of the 170 

SH vortex beam with ℓ = 6 is generated when the incident fundamental vortex beam with 171 

ℓ = 3. In our optical setup, the SH vortex beam exhibits a well-defined donut-shaped 172 

intensity distribution with a diameter of ~10 μm. Figure 2D demonstrates the spectral curve 173 

of a vortex beam with a central wavelength of 398 nm under different incident optical 174 

powers (from 25 to 102 mW). Figure 2e shows the variation of the peak intensity as a 175 

function of incident beam power, where the fitted curve is a quadratic curve and a linear fit 176 

to the log-log plot has a slope of 2.04, demonstrating the second-order nonlinear process. In 177 

the SHG in monolayer MoS2, the photon energy of the 796 nm fundamental excitation light 178 

is higher than the A-exciton resonance energy. Therefore, the small deviation from an 179 
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expected slope of 2 may arise from experimental uncertainties or weak bandgap modulation 180 

(49). 181 

Free-space harmonic directional routing controlled by vortex beams 182 

For unidirectional routing of nonlinear photons, our ultrathin device includes a monolayer 183 

binary forked grating MoS2 on sapphire substrate incident by fundamental OAM with ℓ =184 

3 (Fig. 3A). A nanograting structure with 𝑚 = 6 was fabricated on a monolayer MoS₂ film 185 

by femtosecond laser direct writing technique. The grating period of Λ =  800 nm is 186 

employed and the structured area is confined to a 15 × 15 μm2 region. According to Eq. 3, 187 

the harmonic diffraction angle is 30°, corresponding to 𝑘𝑥/𝑘 ≈ 0.5 . To demonstrate 188 

whether material removal affects the SHG efficiency of the monolayer material, we 189 

measured the harmonic generation intensity of the monolayer before material processing 190 

and after engineered (Fig. 3B). The fork grating exhibits approximately 57% of the 191 

harmonic generation efficiency compared to the complete material. The 57% retention, 192 

which corresponds well with the grating duty cycle, indicates that our fabrication process 193 

does not drastically impact the monolayer harmonic generation efficiency. Imperfect 194 

fabrication can lead to a small deviation of the actual duty cycle from the designed value of 195 

0.5, which will induce a slight reduction in the overall optical intensity. However, the 196 

imperfections do not disrupt the wavefront matching condition or modify the orbital angular 197 

momentum selection rule. Consequently, the directionality of the nonlinear emission is 198 

robust in our experiments. 199 

Figure 3D demonstrates an optical image of our nanograting structure, and the polarization 200 

direction of our pump beam is along the x-axis of the coordinate system. Dark-field imaging 201 

demonstrates distinct beam fringes by incident beams with varying topological charge. The 202 

measured spot diameter is ~10 μm, which is smaller than the dimensions of fabricated 203 

structures. Figure 3 (E to G) present experimental and simulated results demonstrating the 204 

control of harmonic directionality emission using vortex beams with ℓ = −3, 0, +3 , 205 

respectively. In the experiment, the beams were incident normally on the center of the 206 

nanograting structure. When excited by the vortex beam with ℓ = 0, the 𝑘-space image 207 

revealed two rings with approximately equal intensity, which implied symmetric emission 208 

(Fig. 3F). Excited by vortex beam with ℓ = −3, we can find a strongly directed emission to 209 

the left. The emission was characterized by a high-intensity point-like spot on the left side 210 

that significantly exceeded the intensity of the zero-order spot and dwarfed the diffuse ring 211 

on the right (Fig. 3E). When the helicity of the vortex beam flips, the propagating direction 212 

of the SH emission is changed to another side, as shown in Fig. 3G. The experimentally 213 

obtained zero-order intensity is consistently lower than that predicted by simulations, which 214 

can be attributed to unavoidable deviations from the designed structure during the 215 

fabrication process. The intensities of the point-like spots can be used to quantify the 216 

directionality of the emission. We define the experimental directionality of SH emission as 217 

𝐷exp = (𝐼R − 𝐼L)/(𝐼R + 𝐼L) , where 𝐼R/L is the SH intensity peak on both sides of k-space, 218 

respectively. The measured results are in well agreement with the simulation predictions. In 219 

the 𝑚 = 6 forked grating structure, a directionality of up to 0.84 can be achieved by incident 220 

beams with ℓ = ±3 . It is noteworthy that a substantial improvement in experimental 221 

directionality can be realized by increasing the structural mode as shown in Fig. 3C. When 222 

the structural mode is 8, an experimental directionality of 0.89 can be achieved (fig. S4). In 223 

our experiments, we employed incident vortex beams carrying OAM states with linear 224 

polarization. Theoretically, similar results can be obtained when using incident vortex 225 

beams with circular polarization, although slight differences exist in the variation of the 226 

total angular momentum of the beam (see further theoretical derivations in Supplementary 227 

Note 3). 228 
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 229 

Free-space four-way routing for encryption/decryption communications  230 

Furthermore, we can extend the one-dimensional fork grating to a two-dimensional fork 231 

grating array for controlling four-directional emission of the SH beam (50). The phase 232 

profile of the two-dimensional arrayed fork grating is obtained by superimposing the fork 233 

grating phases along the x and y axes. The second-order nonlinear susceptibility is given by 234 

the product of the grating susceptibilities in the x and y directions and it can be described as 235 

𝜒array
(2)

= 𝜒𝑚𝑥

(2)
∙ 𝜒𝑚𝑦

(2)
, where 𝑚𝑥 and 𝑚𝑦 represent the mode of the fork gratings in the x and 236 

y directions, respectively. Figure 4C shows an optical microscope image of the 2D fork 237 

grating array fabricated by femtosecond laser direct writing, where 𝑚𝑥 = 8 and 𝑚𝑦 = 4. 238 

The polarization direction of our pump beam is along the x-axis of the coordinate system. 239 

The effective area of the 2D patterned structure is smaller than that of the 1D structure, but 240 

the experimentally measured SHG intensity of the 2D grating can still reach approximately 241 

22% of the intensity of the original material (fig. S7). In accordance with the aforementioned 242 

arguments, when the TCs of the incident vortex beams are ℓ = ±4, the directional routing 243 

in the x-direction can be achieved, and the directional routing in the y-direction can be 244 

achieved by incident vortex beams with ℓ = ±2. Figure 4 (A and B) show the obtained far-245 

field SHG images by incident TCs of −2 and +4 upon the forked grating array. When a 246 

vortex beam with ℓ = 4 is incident, a bright spot appears in the x-direction. Conversely, 247 

when a vortex beam with ℓ = −2 is incident, a bright spot appears in the -y-direction. This 248 

implies that the sign and magnitude of the TC can directly influence the direction of the 249 

SHG signal.  250 

For optical communications, the unlimited OAM dimension shows more promise compared 251 

to only two states of SAM (51–52). Directionality achieved through OAM control can 252 

implement quaternary (or even higher) encoding because it has an infinite number of 253 

orthogonal states. Here, as a demonstration, we present a quaternary encryption/decryption 254 

communication method (Fig. 4D, E). First, we map the quaternary values 0, 1, 2, and 3 to 255 

the four emission directions corresponding to four different TCs of incident vortex beams. 256 

The ciphertext “OV” which means optical vortex is transformed into a quaternary encoding 257 

that corresponds to a sequence of emission directions and then it is converted into an 258 

incident sequence of OAM sent in chronological. The incident OAM sequence is received 259 

by a receiver equipped with a specific two-dimensional fork-shaped grating array, which 260 

decodes the information into a quaternary coded sequence, ultimately yielding the correct 261 

information. As a proof of concept, we have demonstrated the encoding, transmission, and 262 

decoding of the characters “OV” as shown in Movie S1.  263 

Although we have only demonstrated an application of four-way emission, 264 

multidimensional directional emission can theoretically be achieved due to the infinite 265 

orthogonal states of vortex beams. We also demonstrated the simulated realization of 266 

higher-dimensional fork gratings. However, constrained by fabrication precision and 267 

nonlinear generation efficiency, the maximum dimension achievable in practical 268 

applications is approximately 6 (Supplementary Note 4). Combining this with the 269 

polarization-resolved and broadband characteristics of SHG in materials, future applications 270 

could realize polarization and wavelength multiplexing. Vortex beams, which possess an 271 

infinite number of orthogonal dimensions, hold great potential in optical communications 272 

(53–54). 273 

 274 

 275 

DISCUSSION 276 
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In summary, we have demonstrated OAM-controlled directional SH emission in free space 277 

from monolayer MoS₂. The directionality in the MoS₂ up to 0.84 has been experimentally 278 

recorded for ℓ = +3, which is larger than spin-coupling methods. The monolayer material 279 

used in the experiment can also be extended to other ultrathin materials capable of 280 

generating high-order harmonics. In contrast to two spin states, directional routing 281 

controlled by vortex beams allows for more directional emission and more sophisticated 282 

encoding, offering broader application prospects in optical communications. The directional 283 

asymmetry of the SH vortex beam signifies the real-space optical phase singularity 284 

introduced by the fork grating. This parallels nonlinear optical probes of momentum-space 285 

topology: in TMDs with broken time-reversal symmetry, nonlinear circular dichroism 286 

reveals Berry curvature underlying electronic band topology. In both scenarios, symmetry 287 

breaking induces a measurable asymmetric optical response, demonstrating the generality 288 

of using symmetry-induced asymmetry to characterize topological or singular structures in 289 

diverse systems (55). Furthermore, directional emission without spin control opens up 290 

unexplored new paradigms for the directional manipulation of other wavefields, such as 291 

other chiral light fields, electrons, sound, and even atomic waves. Orbitally oriented SH 292 

emission from ultrathin materials holds potential for practical applications in optical 293 

communications and quantum information processing (56 – 57). This is expected to 294 

significantly advance the development of atomic-scale optics and flat optics. 295 

 296 

 297 

MATERIALS AND METHODS 298 

Sample fabrication 299 

The monolayer MoS2 films were supplied by Shenzhen Six Carbon Technology Inc. Growth 300 

of monolayer, discretely distributed, triangular single-crystal grains (with side lengths of 301 

tens to one hundred micrometers) on a sapphire substrate via chemical vapor deposition. A 302 

3D piezo-nanostage (E545, Physik Instrumente), with nanoscale resolution, was employed 303 

to enable precise adjustments of the sample position during structure processing. The 304 

designed forked grating structure was fabricated using femtosecond laser direct writing for 305 

single-point removal processing. The femtosecond laser source is a mode-locked Ti: 306 

Sapphire ultrafast oscillator (Chameleon Vision-S, Coherent Inc.) with a central wavelength 307 

of 796 nm, a pulse width of 75 fs, and a repetition rate of 80 MHz, and focuses on the sample 308 

through a 100× air objective lens (NA = 0.95, Olympus) for patterning.  309 

 310 

Experimental setup for SH measurements 311 

Optical measurements were performed using the identical femtosecond laser as employed 312 

for sample fabrication. The phase-only reflective liquid-crystal spatial light modulator 313 

(Pluto NIR-2, Holoeye Photonics AG) has 1,920 × 1,080 pixels, with a pixel pitch of 8 μm, 314 

on which computer-generated holograms with different topological charges can be 315 

displayed. The SHG signal is collected using a 50× air objective lens (NA = 0.8, Olympus). 316 

A low-pass filter (cut-off wavelength 500 nm, FESH0500, THORLABS) was installed in 317 

the optical path to filter out the fundamental frequency signal. The SH intensity distribution 318 

was caught by a charge-coupled device camera (acA4024-29uc, Basler camera, image area: 319 

1,024×1,040 pixels) with the acquisition time of 100 ms. The pump power of the incident 320 

vortex beams was tunable for achieving clarified SH optical images on the CCD camera and 321 

the average pump power used for imaging was approximately 94.7 mW. 322 

 323 

Numerical simulation 324 

The vortex beams were modeled using Laguerre-Gaussian (LG) modes. To account for 325 

the nonlinear effects, the local nonlinear polarization was assumed to be proportional to the 326 
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intensity distribution, expressed as 𝑃 ∝∣ 𝐸 ∣2 . The beam waist radius was set to 5 𝜇m, 327 

consistent with the experimental parameters. The simulated fork grating possessed a spatial 328 

period of 800 nm. Based on scalar diffraction theory, we calculated the nonlinear diffraction 329 

patterns and subsequently employed the Fast Fourier Transform (FFT) algorithm to obtain 330 

the intensity distributions in the far-field 𝑘-space (spatial frequency domain). 331 

To provide a clearer understanding of our numerical approach, we have expanded this 332 

section to detail the implementation of the scalar diffraction model. While this model 333 

focuses on the core mechanism of nonlinear directional emission, it effectively reproduces 334 

the experimental far-field patterns, with further vectorial analysis of the monolayer 335 

properties reserved for future study. Slight discrepancies in the simulation parameters were 336 

introduced to compensate for systematic errors present in the experimental setup. 337 

 338 

REFERENCES 339 

1. A. G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R. Quidant, N. F. van Hulst, 340 

Unidirectional emission of a quantum dot coupled to a nanoantenna. Science 329, 930–933 341 

(2010). 342 

2. C. Dai, S. Wan, Z. Li, Y. Shi, S. Zhang, Z. Li, Switchable unidirectional emissions from 343 

hydrogel gratings with integrated carbon quantum dots. Nat. Commun. 15, 845 (2024). 344 

3. A. Sinelnik, S. H. Lam, F. Coviello, S. Klimmer, G. Della Valle, D.-Y. Choi, T. Pertsch, G. 345 

Soavi, I. Staude, Ultrafast all-optical second harmonic wavefront shaping. Nat. Commun. 15, 346 

2507 (2024). 347 

4. X. Duan, B. Wang, K. Rong, C. Liu, V. Gorovoy, S. Mukherjee, V. Kleiner, E. Koren, E. 348 

Hasman, Valley-addressable monolayer lasing through spin-controlled Berry phase photonic 349 

cavities. Science 381, 1429–1432 (2023). 350 

5. J. Ni, S. Ji, Z. Wang, S. Liu, Y. Hu, Y. Chen, J. Li, X. Li, J. Chu, D. Wu, C.-W. Qiu, 351 

Unidirectional unpolarized luminescence emission via vortex excitation. Nat. Photonics 17, 352 

601–606 (2023). 353 

6. Y. Chen, S. Qian, K. Wang, X. Xing, A. Wee, K. P. Loh, B. Wang, D. Wu, J. Chu, A. Alù, P. 354 

Lu, C.-W. Qiu, Chirality-dependent unidirectional routing of WS₂ valley photons in a 355 

nanocircuit. Nat. Nanotechnol. 17, 1178–1182 (2022). 356 

7. S.-H. Gong, F. Alpeggiani, B. Sciacca, E. C. Garnett, L. Kuipers, Nanoscale chiral valley-357 

photon interface through optical spin-orbit coupling. Science 359, 443–447 (2018). 358 

8. R. Shreiner, K. Hao, A. Butcher, A. A. High, Electrically controllable chirality in a 359 

nanophotonic interface with a two-dimensional semiconductor. Nat. Photonics 16, 330–336 360 

(2022). 361 

9. P.-G. Chen, Z. Li, Y. Qi, T. W. Lo, S. Wang, W. Jin, K.-Y. Wong, S. Fan, A. V. Zayats, D. 362 

Lei, Long-range directional routing and spatial selection of high-spin-purity valley trion 363 

emission in monolayer WS₂. ACS Nano 15, 18163–18171 (2021). 364 

10. Y. Chen, J. Feng, Y. Huang, W. Chen, R. Su, S. Ghosh, Y. Hou, Q. Xiong, C.-W. Qiu, Compact 365 

spin-valley-locked perovskite emission. Nat. Mater. 22, 1065–1070 (2023). 366 

11. G. Hu, X. Hong, K. Wang, J. Wu, H.-X. Xu, W. Zhao, W. Liu, S. Zhang, F. Garcia-Vidal, B. 367 

Wang, P. Lu, C.-W. Qiu, Coherent steering of nonlinear chiral valley photons with a synthetic 368 

Au–WS₂ metasurface. Nat. Photonics 13, 467–472 (2019). 369 

12. M. Li, C. U. Hail, S. Biswas, H. A. Atwater, Excitonic beam steering in an active van der 370 

Waals metasurface. Nano Lett. 23, 2771–2777 (2023). 371 



9 

 

13. K. Rong, B. Wang, A. Reuven, E. Maguid, B. Cohn, V. Kleiner, S. Katznelson, E. Koren, E. 372 

Hasman, Photonic Rashba effect from quantum emitters mediated by a Berry-phase defective 373 

photonic crystal. Nat. Nanotechnol. 15, 927–933 (2020). 374 

14. J. Wang, H. Li, Y. Ma, M. Zhao, W. Liu, B. Wang, S. Wu, X. Liu, L. Shi, T. Jiang, J. Zi, 375 

Routing valley exciton emission of a WS₂ monolayer via delocalized Bloch modes of in-plane 376 

inversion-symmetry-broken photonic crystal slabs. Light Sci. Appl. 9, 148 (2020). 377 

15. M. Li, Q. Li, M. L. Brongersma, H. A. Atwater, Optical devices as thin as atoms. Science 386, 378 

1226–1228 (2024). 379 

16. S. Klimmer, O. Ghaebi, Z. Gan, A. George, A. Turchanin, G. Cerullo, G. Soavi, All-optical 380 

polarization and amplitude modulation of second-harmonic generation in atomically thin 381 

semiconductors. Nat. Photonics 15, 837–842 (2021). 382 

17. A. Di Francescantonio, A. Zilli, D. Rocco, V. Vinel, L. Coudrat, F. Conti, P. Biagioni, L. Duò, 383 

A. Lemaître, C. De Angelis, G. Leo, M. Finazzi, M. Celebrano, All-optical free-space routing 384 

of upconverted light by metasurfaces via nonlinear interferometry. Nat. Nanotechnol. 19, 298–385 

305 (2024). 386 

18. F. Tagarelli, E. Lopriore, D. Erkensten, R. Perea-Causín, S. Brem, J. Hagel, Z. Sun, G. 387 

Pasquale, K. Watanabe, T. Taniguchi, E. Malic, A. Kis, Electrical control of hybrid exciton 388 

transport in a van der Waals heterostructure. Nat. Photonics 17, 615–621 (2023). 389 

19. H. Lin, G. Zhang, G. Xue, W. Xie, W. Zhu, K. Liu, Z. Pan, Q. Gong, G. Lyu, Steering nonlinear 390 

chiral valley photons through optical orbit–orbit coupling. Laser Photonics Rev. 19, 2400545 391 

(2025). 392 

20. L. Tang, X. Meng, D. Deng, X. Bao, Confinement catalysis with 2D materials for energy 393 

conversion. Adv. Mater. 31, 1901996 (2019). 394 

21. W. Zhang, K. Uwakwe, J. Hu, Y. Wei, J. Zhu, W. Zhou, C. Ma, L. Yu, R. Huang, D. Deng, 395 

Ambient-condition acetylene hydrogenation to ethylene over WS₂-confined atomic Pd sites. 396 

Nat. Commun. 15, 9457 (2024). 397 

22. C. Rong, T. Su, Z. Li, T. Chu, M. Zhu, Y. Yan, B. Zhang, F.-Z. Xuan, Elastic properties and 398 

tensile strength of 2D Ti₃C₂Tₓ MXene monolayers. Nat. Commun. 15, 1566 (2024). 399 

23. S. Du, Y. Guo, X. Huang, C. Sun, Z. Zhang, L. Hu, R. Zheng, Q. Bai, A. Jin, H. Yang, Y. 400 

Zhang, J. Li, C. Gu, Strain lithography for two-dimensional materials by electron irradiation. 401 

Appl. Phys. Lett. 120, 093104 (2022). 402 

24. K. F. Mak, K. He, J. Shan, T. F. Heinz, Control of valley polarization in monolayer MoS₂ by 403 

optical helicity. Nat. Nanotechnol. 7, 494–498 (2012). 404 

25. H. Zeng, J. Dai, W. Yao, D. Xiao, X. Cui, Valley polarization in MoS₂ monolayers by optical 405 

pumping. Nat. Nanotechnol. 7, 490–493 (2012). 406 

26. G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, B. Urbaszek, 407 

Colloquium: Excitons in atomically thin transition metal dichalcogenides. Rev. Mod. Phys. 90, 408 

021001 (2018). 409 

27. H. Lin, Z.-Q. Xu, G. Cao, Y. Zhang, J. Zhou, Z. Wang, Z. Wan, Z. Liu, K. P. Loh, C.-W. Qiu, 410 

Q. Bao, B. Jia, Diffraction-limited imaging with monolayer 2D material-based ultrathin flat 411 

lenses. Light Sci. Appl. 9, 137 (2020). 412 

28. J. van de Groep, J.-H. Song, U. Celano, Q. Li, P. G. Kik, M. L. Brongersma, Exciton resonance 413 

tuning of an atomically thin lens. Nat. Photonics 14, 426–430 (2020). 414 



10 

 

29. P. Herrmann, S. Klimmer, T. Lettau, T. Weickhardt, A. Papavasileiou, K. Mosina, Z. Sofer, I. 415 

Paradisanos, D. Kartashov, J. Wilhelm, G. Soavi, Nonlinear valley selection rules and all-416 

optical probe of broken time-reversal symmetry in monolayer WSe₂. Nat. Photonics 19, 300–417 

306 (2025). 418 

30. T. I. Andersen, R. J. Gelly, G. Scuri, B. L. Dwyer, D. S. Wild, R. Bekenstein, A. Sushko, J. 419 

Sung, Y. Zhou, A. A. Zibrov, X. Liu, A. Y. Joe, K. Watanabe, T. Taniguchi, S. F. Yelin, P. 420 

Kim, H. Park, M. D. Lukin, Beam steering at the nanosecond time scale with an atomically 421 

thin reflector. Nat. Commun. 13, 3431 (2022). 422 

31. C. Janisch, Y. Wang, D. Ma, N. Mehta, A. L. Elías, N. Perea-López, M. Terrones, V. Crespi, 423 

Z. Liu, Extraordinary second harmonic generation in tungsten disulfide monolayers. Sci. Rep. 424 

4, 5530 (2014). 425 

32. L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, J. P. Woerdman, Orbital angular momentum 426 

of light and the transformation of Laguerre-Gaussian laser modes. Phys. Rev. A 45, 8185–8189 427 

(1992). 428 

33. J. Ni, S. Liu, D. Wu, Z. Lao, Z. Wang, K. Huang, S. Ji, J. Li, Z. Huang, Q. Xiong, Y. Hu, J. 429 

Chu, C.-W. Qiu, Gigantic vortical differential scattering as a monochromatic probe for 430 

multiscale chiral structures. Proc. Natl. Acad. Sci. U.S.A. 118, e2020055118 (2021). 431 

34. X. Ouyang, Y. Xu, M. Xian, Z. Feng, L. Zhu, Y. Cao, S. Lan, B.-O. Guan, C.-W. Qiu, M. Gu, 432 

X. Li, Synthetic helical dichroism for six-dimensional optical orbital angular momentum 433 

multiplexing. Nat. Photonics 15, 901–907 (2021). 434 

35. P. Huo, W. Chen, Z. Zhang, Y. Zhang, M. Liu, P. Lin, H. Zhang, Z. Chen, H. Lezec, W. Zhu, 435 

A. Agrawal, C. Peng, Y. Lu, T. Xu, Observation of spatiotemporal optical vortices enabled by 436 

symmetry-breaking slanted nanograting. Nat. Commun. 15, 3055 (2024). 437 

36. T. Norden, L. M. Martinez, N. Tarefder, K. W. C. Kwock, L. M. McClintock, N. Olsen, L. N. 438 

Holtzman, J. H. Yeo, L. Zhao, X. Zhu, J. C. Hone, J. Yoo, J.-X. Zhu, P. J. Schuck, A. J. Taylor, 439 

R. P. Prasankumar, W. J. M. Kort-Kamp, P. Padmanabhan, Twisted nonlinear optics in 440 

monolayer van der Waals crystals. ACS Nano 19, 30919–30929 (2025). 441 

37. F. J. F. Loechner, R. Mupparapu, M. Steinert, A. George, Z. Tang, A. Turchanin, T. Pertsch, I. 442 

Staude, F. Setzpfandt, Controlling second-harmonic diffraction by nano-patterning MoS₂ 443 

monolayers. Opt. Express 27, 35475–35484 (2019). 444 

38. J. Deka, J. Gao, X. Yang, Anisotropic third-harmonic vortex beam generation with ultrathin 445 

germanium arsenide fork gratings. Laser Photonics Rev. 19, 2401519 (2025). 446 

39. E. A. Fajardo, R. Winkler, Effective dynamics of two-dimensional Bloch electrons in external 447 

fields derived from symmetry. Phys. Rev. B 100, 125301 (2019). 448 

40. R. W. Boyd, Nonlinear Optics (Academic Press, 2020). 449 

41. D. Zhang, Z. Zeng, Q. Tong, Y. Jiang, S. Chen, B. Zheng, J. Qu, F. Li, W. Zheng, F. Jiang, H. 450 

Zhao, L. Huang, K. Braun, A. J. Meixner, X. Wang, A. Pan, Near-unity polarization of valley-451 

dependent second-harmonic generation in stacked TMDC layers and heterostructures at room 452 

temperature. Adv. Mater. 32, 1908061 (2020). 453 

42. A. Dasgupta, J. Gao, X. Yang, Second-harmonic optical vortex conversion from WS₂ 454 

monolayer. Sci. Rep. 9, 8780 (2019) 455 

43. E. Menshikov, P. Franceschini, K. Frizyuk, I. Fernandez-Corbaton, A. Tognazzi, A. C. Cino, 456 

D. Garoli, M. Petrov, D. de Ceglia, C. De Angelis, Light structuring via nonlinear total angular 457 

momentum addition with flat optics. Light Sci. Appl. 14, 381 (2025). 458 



11 

 

44. N. Kumar, S. S. G. Buddha, P. Choudhury, K. S. Malik, A. S. Deo, Computer generated 459 

holography: Techniques, applications, and future directions, in Materials for Electronic, 460 

Magnetic, and Spintronic Technologies: Characterization and Applications from Energy 461 

Storage to Disease Detection, A. Mishra, V. Dixit, D. Somvanshi, A. Singh, A. Mishra, Eds. 462 

(Springer Nature Switzerland, Cham, 2024), pp. 153–169. 463 

45. A. Shapira, I. Juwiler, A. Arie, Nonlinear computer-generated holograms. Opt. Lett. 36, 3015–464 

3017 (2011). 465 

46. Z. Xie, T. Zhao, X. Yu, J. Wang, Nonlinear optical properties of 2D materials and their 466 

applications. Small 20, 2311621 (2024).  467 

47. Y. Sheng, Q. Kong, W. Wang, K. Kalinowski, W. Krolikowski, Theoretical investigations of 468 

nonlinear Raman–Nath diffraction in the frequency doubling process. J. Phys. B: At. Mol. Opt. 469 

Phys. 45, 055401 (2012).  470 

48. K. F. Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Atomically thin MoS₂: A new direct-gap 471 

semiconductor. Phys. Rev. Lett. 105, 136805 (2010). 472 

49. S. Klimmer, T. Lettau, L. Valencia Molina, D. Kartashov, U. Peschel, J. Wilhelm, D. N. 473 

Neshev, G. Soavi, Probing ultrafast coherent bandgap modulation in monolayer WSe₂ by 474 

nonlinear optics. Adv. Opt. Mater. 14, e03236 (2025). 475 

50. J. C. T. Lee, S. J. Alexander, S. D. Kevan, S. Roy, B. J. McMorran, Laguerre–Gauss and 476 

Hermite–Gauss soft X-ray states generated using diffractive optics. Nat. Photonics 13, 205–477 

209 (2019). 478 

51. X. Fang, H. Ren, M. Gu, Orbital angular momentum holography for high-security encryption. 479 

Nat. Photonics 14, 102–108 (2020). 480 

52. Z. Zhang, X. Qiao, B. Midya, K. Liu, J. Sun, T. Wu, W. Liu, R. Agarwal, J. M. Jornet, S. 481 

Longhi, N. M. Litchinitser, L. Feng, Tunable topological charge vortex microlaser. Science 482 

368, 760–763 (2020). 483 

53. J. Wang, Advances in communications using optical vortices. Photonics Res. 4, B14 (2016). 484 

54. X. Wang, Y. Liu, L. Guo, H. Li, Potential of vortex beams with orbital angular momentum 485 

modulation for deep-space optical communication. Opt. Eng. 53, 056107 (2014). 486 

55. F. Friedrich, P. Herrmann, S. S. Shanbhag, S. Klimmer, J. Wilhelm, G. Soavi, Measurement 487 

of optically induced broken time-reversal symmetry in atomically thin crystals. Nat. Photonics 488 

20, 186–193 (2026). 489 

56. J. Ni, C. Huang, L.-M. Zhou, M. Gu, Q. Song, Y. Kivshar, C.-W. Qiu, Multidimensional phase 490 

singularities in nanophotonics. Science 374, eabj0039 (2021). 491 

57. X. Qiao, B. Midya, Z. Gao, Z. Zhang, H. Zhao, T. Wu, J. Yim, R. Agarwal, N. M. Litchinitser, 492 

L. Feng, Higher-dimensional supersymmetric microlaser arrays. Science 372, 403–408 (2021). 493 

58. K. L. Seyler, J. R. Schaibley, P. Gong, P. Rivera, A. M. Jones, S. Wu, J. Yan, D. G. Mandrus, 494 

W. Yao, X. Xu, Electrical control of second-harmonic generation in a WSe₂ monolayer 495 

transistor. Nat. Nanotechnol. 10, 407–411 (2015). 496 

59. W. Liu, Z. Ji, Y. Wang, G. Modi, M. Hwang, B. Zheng, V. J. Sorger, A. Pan, R. Agarwal, 497 

Generation of helical topological exciton-polaritons. Science 370, 600–604 (2020). 498 

 499 

 500 

Acknowledgments 501 



12 

 

Funding: This work was supported by the National Natural Science Foundation of China 502 

(No. 62375253, J. N.; No. 62325507, D. W.), the National Key Research and Development 503 

Program of China (No. 2024YFB4610700, Y.H.; No. 2021YFF0502700, D.W.). Author 504 

contributions: X. W. and J. N. proposed the idea and conceived the experiment. X. W., J. 505 

N., Z. L., J. L., S. X., Z. Y., D. W., X. W., Y. H., X. J., C. W., L. G., and Y. C. performed 506 

the experiments. X. W., J. N., D. W., X. W., X. J., C. W., and L. G. conducted the formal 507 

analysis and numerical simulations. Z. Y., Y. C., J. L., Z. Y., C. W., Y. H., D. W., J. N., Z. 508 

Y., X. J., and C. W. reviewed and revised the manuscript. J. N., D. W., and Y. H. acquired 509 

funding and supervised the project. Competing interests: The authors declare no 510 

competing interest. Data, code, and materials availability: All data and code needed to 511 

evaluate and reproduce the results in the paper are present in the paper and/or the 512 

Supplementary Materials.  This study did not generate new materials. 513 

 514 

  515 



13 

 

 516 

Figures and Tables 517 

 518 
Fig. 1. Schematic diagram of free-space routing of SH light controlled by orbit-orbit 519 

coupling. (A) Directional SH emission on metasurfaces with optical resonances 520 

controlled by photonic SAM. The metasurfaces, providing geometric phase for 521 

circularly polarized light, normally possess a thickness of H > 100 nm. The 522 

directional emission of SH waves can be achieved by manipulating the sign of SAM, 523 

showing spin-orbit coupling. (B) In our work, dynamically directional SH emission 524 

can be achieved on monolayer MoS₂ at the thickness of H <1 nm by photonic orbit-525 

orbit coupling. The direction of SH waves can be controlled by the sign and 526 

magnitude of incident TCs. (C) Schematic illustration of the principle of directional 527 

emission resulting from a vortex beam incident on an engineered monolayer MoS2 528 

with fork grating. (D) Schematic of the atomic structure of monolayer MoS₂, 529 

showing its intrinsic broken inversion symmetry for SH generation. (E) Cascaded 530 

mechanism of the SHG and nanograting diffraction in the monolayer materials. The 531 

topological charge is extracted from the -1st order beam in the momentum space. 532 

 533 
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 535 
Fig. 2. Experimental optical setup and SH generation results. (A) Optical setup. A 536 

femtosecond laser beam is incident on a phase-only spatial light modulator (SLM) 537 

to generate vortex beams with different topological charges. Then the beams are 538 

focused onto the engineered nanostructures using a 50× objective. The diffracted 539 

far-field information is collected by a CCD camera. A filter is used to remove the 540 

fundamental frequency, and an additional Fourier lens is used to observe the 541 

momentum-space information. CL: convex lens. (B) Optical microscopy image of a 542 

monolayer MoS₂. (C) Schematic of the normalized SH structured light field of a 543 

vortex beam with a topological charge of ℓ = 6. (D) Normalized SH spectra of 544 

monolayer MoS₂ at different pump powers, showing a corresponding central 545 

wavelength of 398 nm. (E) Normalized power-dependent SH intensity. The linearly 546 

fitted slope value is 2.04 (inset), confirming the quadratic nature of the SH process.  547 
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 550 
Fig. 3. Simulated and experimental demonstration of OAM-controlled SH free-space 551 

routing. (A) Schematic diagram of a vortex beam with ℓ = 3 incident on the fork 552 

nanograting with 𝑚 = 6. (B) SHG spectra excited on monolayer MoS2 with/without 553 

engineered nanostructure. Approximately 57% of the intensity is retained after 554 

processing, which is comparable to the unprocessed area. (C) Relationship between 555 

directionality and the TC of the incident vortex beam, where the structural mode 𝑚 556 

is equal to 2ℓFW. (D) Optical micrograph of the 𝑚 = 6 fork nanograting. Dark-field 557 

optical micrographs with varying incident TC. ℓFW = −3, 0  and + 3. Scale bars; 5 558 

μm. (E–G) Experimental (top panel) and simulated (middle panel) SH 𝑘 -space 559 

imaging and line cut of the intensity profiles (bottom panel) along the fork 560 

nanograting system excited by the vortex beam with ℓFW = −3 (E), 0 (F) and +3 561 

(G), respectively. 562 
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 565 
Fig. 4. Momentum-space SH emission controlled by photonic orbit-orbit coupling. (A 566 

and B) Simulated (A) and experimental (B) 𝑘-space images of a 2D fork nanograting 567 

array illuminated with ℓFW = −2 and + 4, respectively. (C) Optical microscope 568 

image of 2D engineered fork nanograting. (D) Designed approach is employed for 569 

quaternary encoding, where the encoded numbers correspond to the OAM states and 570 

emission direction. (E) Experimental methods for encryption and decryption. The 571 

ciphertext “OV” is transformed into a quaternary encoding that corresponds to a 572 

sequence of emission directions, which is then converted into an incident sequence 573 

of OAM. The OAM sequence sent in chronological order can prevent eavesdroppers 574 

and be received by the holder of the coded structure and it is restored to the correct 575 

information. 576 
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