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Abstract 28 

According to the generally accepted nonlinear principles, second-order nonlinear effect 29 

(SONE) is strongly inhibited by the crystalline symmetries and thus can manifest only in 30 

non-centrosymmetric materials with broken global spatial inversion symmetry. In stark 31 

contrast, here we report the observation of direct-current (DC) related SONE, including 32 

circular and linear photogalvanic effects, in centrosymmetric bilayer and multilayer MoS2. 33 

In conjunction with relativistic first-principles calculations, we uncover that the observed 34 

DC-related SONE in inversion-symmetric MoS2 results from the localized electronic states 35 

and the locking of spin with the layer and valley pseudospins. Our results provide a new 36 

insight into nonlinear physics and would be applicable to other phenomena thus far believed 37 

to occur only in non-centrosymmetric systems, such as quantum spin Hall effect, valley Hall 38 

effect, piezoelectricity and unconventional Ising superconductivity. 39 

 40 

Introduction 41 

Second-order nonlinear effect (SONE), such as circular/linear photogalvanic effect 42 

(CPGE/LPGE)1-4, second-harmonic generation (SHG)5-8 and nonlinear Hall effect9-11, breaks the 43 

limitations in linear response regime and sets a firm foundation for fascinating phenomena and 44 

technological advances. In the light of nonlinear principles12,13, SONE under a driving electric 45 

field E(ω) is described by the second-order nonlinear susceptibility pseudotensor 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
: 46 𝑺𝑺𝒂𝒂(DC) =  𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)

(DC)𝑬𝑬𝑎𝑎(𝜔𝜔)𝑬𝑬𝑎𝑎∗(𝜔𝜔) or 𝑺𝑺𝒂𝒂(AC) =  𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
(AC)𝑬𝑬𝑎𝑎(𝜔𝜔)𝑬𝑬𝑎𝑎(𝜔𝜔)        (1) 47 

where a, b, c ∈ {x, y, z} are the coordinate components, S(DC) and S(AC) are the responses of 48 

direct-current (DC) and alternating-current (AC) related SONE, respectively5,9,14-16. Since both S 49 

and E(ω) are polar vectors and reverse the sign under the operation of inversion symmetry, SONE 50 

without higher-order photon wave vector effects is generally expected to vanish in 51 

centrosymmetric crystals with inversion symmetry of global crystal space group (see 52 

Supplementary Information)12,13. However, being akin to recent studies of spatially localized spin 53 

polarization17-25, Berry Curvature26 and circular dichroism27-32, one can imagine that for layered 54 

centrosymmetric crystal formed by two separated non-centrosymmetric constituent structural units, 55 

nonvanishing SONE can occur in each inversion-partner layer. Remarkably, if SONE from the two 56 



separated inversion asymmetric units are the same, their superposition will produce a nonzero net 57 

response, making the observation possible. 58 

Here we demonstrate experimentally the existence of DC-related SONE, including CPGE 59 

and LPGE, in centrosymmetric bilayer transition-metal dichalcogenide MoS2, where inversion 60 

symmetry of global space group is present. Combining with electronic structure calculations with 61 

relativistic effects, we uncover that the observation of DC-related SONE in inversion symmetric 62 

bilayer MoS2 can be understood as the locking of spin with the layer and valley degrees of 63 

freedom. Moreover, DC-related SONE responses increase monotonically with the number of 64 

layers. Such constructive nature of DC-related SONE photocurrents, together with the feasibility 65 

of doping control, provides a firm basis to enable advanced applications, such as compact, 66 

efficient and fast quantum photonics and photovoltaics. 67 

 68 

Results and Discussion 69 

Under optical excitation, the resulting nonequilibrium distribution of charge carriers in 70 

momentum space would cause the nonlinear photocurrent responses (e.g. CPGE and LPGE)13. 71 

Figure 1a depicts the schematic diagram for nonlinear photocurrent measurements as a function of 72 

rotation angle of quarter-wave plate (α). Unless otherwise specified, excitation is provided by a 73 

633 nm (1.96 eV) laser radiation with an incidence (azimuthal) angle 35° (90°). The 74 

polarization-resolved photocurrents for an unbiased back-gate bilayer MoS2 device on SiO2 are 75 

presented in the upper panel of Figure 1c. In close analogy to the case of non-centrosymmetric 76 

monolayer MoS2 (see Supplementary Information), polarization-dependent photocurrents of 77 

bilayer MoS2 are comprised of four components and can be well described by the following 78 

phenomenological expression3,33,34: 79 𝑗𝑗𝑦𝑦(𝛼𝛼) = 𝐶𝐶 sin 2𝛼𝛼 + 𝐿𝐿1 sin 4𝛼𝛼 + 𝐿𝐿2 cos 4𝛼𝛼 + 𝐷𝐷          (2) 80 

The components of 𝐶𝐶 sin 2𝛼𝛼 accounts for the helicity-resolved photocurrent whose direction and 81 

magnitude depend on the chirality of light. The components of 𝐿𝐿1 sin 4𝛼𝛼  and 𝐿𝐿2 cos 4𝛼𝛼 82 

correspond to the linear polarization-resolved photocurrents. The lower panel of Figure 1c shows 83 

the components of 𝐶𝐶 sin 2𝛼𝛼 , 𝐿𝐿1 sin 4𝛼𝛼  and 𝐿𝐿2 cos 4𝛼𝛼  obtained by fitting. All these three 84 

polarization-dependent responses belong to DC-related SONE (see Supplementary Information) 85 



and increase linearly with the laser power (Figure 1d). The last polarization-independent term D is 86 

photo-thermal current background. 87 

To uncover the origin of 𝐶𝐶 sin 2𝛼𝛼, 𝐿𝐿1 sin 4𝛼𝛼 and 𝐿𝐿2 cos 4𝛼𝛼, we investigate the evolution 88 

of polarization-dependent photocurrents with laser spot positions. Figure 1d presents the results 89 

for a bilayer MoS2 device with channel length of 2 μm. Note that the channel length is larger than 90 

the effective laser spot diameter (see Supplementary Information). The components of 𝐶𝐶 sin 2𝛼𝛼 91 

and 𝐿𝐿1 sin 4𝛼𝛼 are largest when the laser spot is in the middle of channel, indicating intrinsic 92 

phenomena without contributions from contact. In contrast, the component of 𝐿𝐿2 cos 4𝛼𝛼 93 

possesses the maximum when the laser spot is near contact, being akin to the photo-thermal 94 

current D, which has been well studied and origins from the laser-induced heat gradients3,14,35. 95 

This indicates that the component of 𝐿𝐿2 cos 4𝛼𝛼 may harbor strong contribution from contacts and 96 

laser-induced heat gradients. Therefore, we do not focus on the component of 𝐿𝐿2 cos 4𝛼𝛼. Similar 97 

results can be found in monolayer MoS2 device and bilayer MoS2 devices with channel lengths of 98 

3 μm and 4 μm (see Supplementary Information). 99 

For helicity-resolved photocurrent 𝐶𝐶 sin 2𝛼𝛼 , it can stem from two distinct physical 100 

mechanisms: CPGE or circular photon drag effect (CPDE). For CPGE, it belongs to a 101 

spin-polarized photocurrent and thus the direction is dependent on the spin state of photoexcited 102 

carriers. In other words, CPGE current will be reversed if the spin configuration of photogenerated 103 

carriers is changed. Figure 1f presents the helicity-resolved component of 𝐶𝐶 sin 2𝛼𝛼 measured 104 

under the same condition with two different laser energies: 633 nm (green) and 532 nm (red). 105 

Remarkably, the direction of photocurrent 𝐶𝐶 sin 2𝛼𝛼 reverses upon the variation of radiation 106 

energy. For a certain photon helicity, the photocurrent responses in bilayer MoS2 under the 107 

excitations of 633 nm and 532 nm are dominated by A and B excitons with opposite spin 108 

configurations, respectively36. Therefore, the change of sign for the direction of photocurrent 109 𝐶𝐶 sin 2𝛼𝛼 between 633 nm and 532 nm excitations indicates that component of 𝐶𝐶 sin 2𝛼𝛼 is 110 

dominated by CPGE, rather than CPDE which originates from the effect of retardation between 111 

electric field and instant velocity of charge carrier and is independent on the radiation 112 

frequency13,37,38. Such assignment for the component of 𝐶𝐶 sin 2𝛼𝛼 is further confirmed by its 113 

evolution with incident angle Φ (see Supplementary Information). The absence of CPDE is 114 



reasonable since it is determined by the derivative of 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
 with respect to the photon wavevector 115 

q (see Supplementary Information) and strongly suppressed at high frequency, e.g., the visible 116 

light used in our work13. For linear polarization-dependent photocurrent of 𝐿𝐿1 sin 4𝛼𝛼, it possesses 117 

the similar behavior with 𝐶𝐶 sin 2𝛼𝛼, such as laser position dependence (Figure 1e), change of sign 118 

upon the variation of laser frequency (Supplementary Figure 6) and incident angle Φ dependence 119 

(Supplementary Figure 5). This strongly indicates that their generation mechanisms are deeply 120 

related and 𝐿𝐿1 sin 4𝛼𝛼 should correspond to LPGE3. 121 

Fairly surprisingly, our results unravel that DC-related SONE without photon wavevector 122 

effects (e.g., CPGE and LPGE) can present in bilayer MoS2 where the global inversion symmetry 123 

of space group is restored as the lower layer is a π in-plane rotation of the upper layer (Figure 1b) 124 

27,28,39. This goes against the generally accepted expectation that CPGE and LPFE are the 125 

exclusive territory of non-centrosymmetric materials with broken global inversion symmetry12,13. 126 

Such anomalous phenomenon is confirmed in all our exfoliated bilayer samples (more than ten). Is 127 

this phenomenon an intrinsic property of inversion-symmetric bilayer MoS2? To answer this 128 

question, it needs to rule out the interface effects since symmetry breaking can be possibly 129 

induced by the different dielectric environments between the upper and lower layers. We thus 130 

investigate the back-gate dependence of the polarization-resolved photocurrents with gate voltages 131 

from -80 V to 80 V (Figure 1g). If the DC-related SONE observed in bilayer MoS2 is just an 132 

interface effect, it will fade to null at a certain gate voltage which can completely cancel the 133 

interface effect, akin to the recent valley Hall effect measurements29. Interestingly, both CPGE and 134 

LPGE in bilayer MoS2 can sustain over the whole gate range. This largely rules out the interface 135 

contributions and accordingly implies that the DC-related SONE is an inherent property of 136 

inversion symmetric bilayer MoS2. 137 

To further verify that centrosymmetric bilayer MoS2 can indeed harbor nonzero DC-related 138 

SONE, we fabricated high quality, hexagonal boron nitride (h-BN) encapsulated and dual-gated 139 

bilayer MoS2 devices by a dry transfer method (see Supplementary Information). Figure 2a shows 140 

the schematic diagram and optical microscope image of the dual-gate bilayer MoS2 device. The 141 

corresponding atomic force microscopy (AFM) scanning is presented in Figure 2b. From the 142 

zoomed-in AFM image (inset of Figure 2b), it can be known that our sample displays a very low 143 



root-mean-square surface roughness, i.e. 0.213 nm, indicating the ultraclean interface devoid of 144 

bubbles. Such encapsulated bilayer MoS2 device with ultra-clean interface is superior to avoid the 145 

interface effects and unravel the intrinsic physical mechanism for DC-related SONE. Moreover, 146 

the dual gates allow us to continuously tune the out-of-plane displacement field D over a wide 147 

range while maintaining the charge density n unchanged. The displacement field can modulate the 148 

global inversion symmetry of space group and is determined by 𝑫𝑫 = (𝜀𝜀𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟/𝑑𝑑𝑟𝑟 − 𝜀𝜀𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟/𝑑𝑑𝑟𝑟), 149 

where 𝜀𝜀𝑟𝑟𝑟𝑟(𝜀𝜀𝑟𝑟𝑟𝑟) and 𝑑𝑑𝑟𝑟(𝑑𝑑𝑟𝑟) are the relative dielectric constant and thickness of top (bottom) 150 

dielectric layer, respectively40.  151 

Figure 2c shows the back-gated transfer characteristics at different top gate voltages. Guided 152 

by the dual-gate tunability of electrical resistances, we are able to obtain diverse configurations 153 

with distinct D while keeping n unchanged. The polarization-resolved photocurrents under 154 

different D and constant n are presented in Figure 2d. Figure 2e shows the evolution of the CPGE 155 

(blue dots) and LPGE (green dots) photocurrents versus D. It shows clearly that non-vanishing 156 

DC-related SONE with the same order of magnitude can be observed in dual-gate bilayer MoS2 157 

device over the whole range D. The relatively small CPGE/LPGE photocurrent under negative D 158 

may result from the contact resistance effect because contact resistance under negative D is larger 159 

than that under positive D (see Supplementary Information). To independently confirm that the 160 

global inversion symmetry of space group has been varied via D and there is a global 161 

inversion-symmetry point at a certain D, we performed SHG studies on the same device. Based on 162 

previous studies, SHG is a powerful and sensitive tool for probing the global inversion symmetry 163 

of space group. The integrated SHG intensity as a function of D is presented in Figure 2e as red 164 

dots. The SHG intensity reaches the minimum at 𝑫𝑫 = 0 and increases squarely with D. The SHG 165 

results rule out the symmetry breaking induced by external stimulus (e.g., electric field41,42 and 166 

current43-46) and unequivocally demonstrate that our bilayer MoS2 at zero D harbours the global 167 

inversion symmetry of crystal space group29,42. Consequently, our results show undoubtedly that 168 

DC-related SONE can occur in centrosymmetric bilayer MoS2 with inversion invariant global 169 

crystal space group. 170 

To uncover the underlying physical origin of the observed DC-related SONE in 171 

inversion-symmetric bilayer MoS2, we performed the relativistic first-principles calculations (see 172 

details in Methods). Figure 3a shows the orbital projected band structures of bilayer MoS2. For 173 



both the conduction and valance bands around K valley, the corresponding Bloch wavefunctions 174 

are predominantly from the 𝑑𝑑𝑥𝑥𝑦𝑦, 𝑑𝑑𝑥𝑥2−𝑦𝑦2 and 𝑑𝑑𝑧𝑧2 orbitals of Mo atoms that are confined within 175 

the 2D xy plane39. Consequently, interlayer hopping energy between the Bloch wavefunctions of 176 

upper and lower layer is small, leading to localized electronic states. Together with giant spin-orbit 177 

coupling, the spin degrees of freedom is locked to layer pseudospin in a given valley, giving rise 178 

to hidden spin polarization17,20. Figure 3b shows the calculated out-of-plane spin polarization of 179 

the doubly degenerate top valence band VB1 throughout the Brillouin zone, projected onto the 180 

upper and lower layers, respectively. The spin polarization is defined as ρ = A

I(↑) - I(↓)

EI(↑) + I(↓)E

A, where I(↑) 181 

and I(↓) denote the components of the spin-up and -down, respectively. For VB1 associated with 182 

A exciton and interested here, the out-of-plane spin polarization is segregated into different 183 

real-space domains and almost 100% (negative 100%) for K (-K) valley of upper layer and for -K 184 

(K) valley of lower layer. This indicates that for a given valley, the spin configuration is locked to 185 

the layer pseudospins, as shown in Figure 3c. In other words, the spin up (down) Bloch state is 186 

localized in upper (lower) layer in K valley, and vice versa in -K valley. Consequently, 187 

centrosymmetric bilayer MoS2 can be regarded as two decoupled monolayers. Indeed, such 188 

decoupled nature in bilayer transition-metal dichalcogenides (TMDCs) has recently been 189 

confirmed by intrinsic circular dichroism27-30, unconventional Ising superconductivity47-50 and 190 

spin-orbitronics20-25. 191 

Owing to the localized Bloch states and locking of spin with layer and valley pseudospins,  192 

the second-order susceptibility pseudotensor 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
 of bilayer MoS2 can be decomposed into two 193 

components stemmed from upper [𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
(𝑢𝑢)] and lower layers [𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)

(𝑙𝑙)], respectively: 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
=194 

 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
(𝑢𝑢) + 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)

(𝑙𝑙). Since the inversion symmetry is explicitly broken in both upper and lower 195 

layers, 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
(𝑢𝑢) and 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)

(𝑙𝑙) are non-vanishing. Due to the combination of threefold rotational 196 

symmetry of MoS2 and DC nature of CPGE/LPGE, 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)
(𝑢𝑢) and 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎(2)

(𝑙𝑙) should be the same in 197 

principle, leading to identical CPGE/LPGE photocurrent from upper and lower layers. To verify 198 

this view, we performed polarization-resolved photocurrent measurements for an unbiased 199 

monolayer MoS2 device on SiO2 under two configurations which are rotated by π with respect to 200 

each other (Figures 4a and 4c). Figures 4b and 4d show that CPGE/LPGE photocurrents keep 201 

invariant when we rotate the monolayer MoS2 device 180° while keeping the incident light 202 



unchanged. The invariance of CPGE/LPGE photocurrents for monolayer MoS2 under the in-plane 203 

π rotation indicates that CPGE/LPGE photocurrents from its two constituent monolayers are the 204 

same in bilayer MoS2. As a consequence, the CPGE/LPGE photocurrents in centrosymmetric 205 

bilayer MoS2 are nonzero and the mere superposition of that in upper [𝐽𝐽𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃/𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃(𝑢𝑢)] and lower 206 

layers [𝐽𝐽𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃/𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃(𝑙𝑙)]: 𝐽𝐽𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃/𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐽𝐽𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃/𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃(𝑢𝑢) + 𝐽𝐽𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃/𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃(𝑙𝑙). Remarkably, due to the 207 

contributions from both upper and lower layer, CPGE/LPGE photocurrents in 208 

inversion-symmetric bilayer MoS2 should be almost twice that in non-centrosymmetric monolayer 209 

case, in fair agreement with our measurements (see Supplementary Information). 210 

We stress that above discussion on bilayer MoS2 can be also applied to multilayer cases. 211 

Significantly, due to the increase of constituent monolayer units, the CPGE/LPGE photocurrents 212 

should increase with the number of layers. To rule out extrinsic factors, we choose an exfoliated 213 

MoS2 sample with different number of layers (Figure 5a). Figure 5b presents the SHG mapping 214 

and single SHG spectra of distinct layers are shown in Figure 5c. The SHG intensity shows an 215 

even-odd oscillation with a decay envelope, in good harmony with the thickness dependent 216 

symmetry of global crystal space group51. The null SHG intensity for even layers (bilayer and 217 

quadrilayer) indicates the global inversion-symmetry of crystal space group. The layer 218 

dependences of polarization-resolved photocurrents are shown in Figure 5d. Figure 5e shows the 219 

CPGE component ( 𝐶𝐶 sin 2𝛼𝛼) extracted by fitting. Intriguingly, CPGE spin photocurrent increases 220 

with thickness, which has been confirmed in other MoS2 samples with thickness up to 136.6 nm 221 

(see Supplementary Information). Such constructive nature of CPGE spin photocurrents, together 222 

with the feasibility of doping control (Figure 1g), holds enormous promise to enable the 223 

manipulation of spin for exotic spintronics, ultrafast photonics and quantum-computation. 224 

Finally, we point out that DC-related SONE provides a simple optical approach to detect the 225 

spin-layer locking effects in inversion-symmetric crystals. Compared to previous measurement 226 

methods, such as spin- and angle-resolved photoemission spectroscopy and circular 227 

polarization-resolved photoluminescence (PL) measurements, DC-related SONE shows some 228 

advantages. First, DC-related SONE can detect the spin-layer locking effects for a wide variety of 229 

centrosymmetric crystals, for example, semiconductor, semimetal and metal. In contrast, the 230 

helicty-resolved PL measurements can only be applied to a relative dearth of semiconductor with 231 

obvious PL response. Second, DC-related SONE can uncover the spin-layer locking effects for 232 



materials ranging large-scale bulk to sub-micron-scale monolayer. While large bulk crystals are 233 

usually required for the high resolution in spin- and angle-resolved photoemission spectroscopy. 234 

Considering these, DC-related SONE will play a vital role in elucidating the spin-layer locking 235 

effects in the near future. 236 

 237 

Conclusions 238 

In conclusion, we demonstrate that DC-related SONE, including CPGE and LPGE, can occur 239 

in nonmagnetic centrosymmetric MoS2. In conjunction with theoretical calculations, we uncover 240 

that the observed CPGE and LPGE in inversion-symmetric MoS2 originate from the localized 241 

electronic states and valley dependent spin-layer locking effect. In addition, our results reveal that 242 

DC-related SONE responses increase monotonically with the number of layers and can be 243 

controlled by doping. The obtained results and knowledge in our work could largely expand the 244 

range of materials for nonlinear physics and provide a firm basis for the technological innovations 245 

in spintronics, communications, sensing and environmentally benign energy harvesting. 246 

 247 

Methods 248 

Device fabrications 249 

All devices were fabricated by the standard micro-fabrication processes including e-beam 250 

lithography (EBL), metal evaporation and lifting-off. For back-gate devices, atomically thin flakes 251 

of MoS2 were exfoliated from bulk MoS2 crystals (2H phase) onto polydimethylsiloxane (PDMS) 252 

and then transferred onto SiO2/Si substrates. The contact electrodes are Ti (2 nm)/Au (20 nm) as 253 

drain and source electrodes by e-beam evaporation. For dual-gate devices with ultra-clean 254 

interfaces, we first exfoliated h-BN on SiO2 (300 nm)/Si (P++) substrate, then deposited 255 

source/drain electrodes (Ti (2 nm)/Au (7 nm)) onto it. As-made samples were thermal annealed in 256 

an Ar/H2 atmosphere at 450°C then etched by moderate H2 plasma etching to clean the residue or 257 

contaminations on the surface. Then we used Poly (Bisphenol A carbonate) (PC) supported by 258 

PDMS on glass slide to pick up h-BN and bilayer MoS2 on the SiO2 in sequence with accurate 259 

alignment based on an optical microscope. The number of layers for a MoS2 sample was 260 

determined by optical contrast, Raman and PL spectra. Then we transferred h-BN/MoS2 on the 261 

preformed electrode/h-BN substrate. Finally, few layers graphene was transferred on it as top gate 262 



by dry transfer technique. 263 

Photocurrent measurement setup 264 

In our experiments, devices were wire-bonded onto a chip carrier and placed in a homemade 265 

optical chamber that combines electric transport measurements with laser illumination. All 266 

measurements, unless otherwise specified, were performed with 633 nm (1.96 eV) laser 267 

on-resonance with the A exciton of MoS2 shinning to devices in a configuration for an oblique 268 

incidence angle 35° and azimuthal angle 90°. Average laser power is 40 µW. The laser was 269 

focused on the channel of sample by a 50x (N.A.=0.5 W.D.=10.6 F.N.=26.5) or 10x (N.A.=0.25 270 

W.D.=10.6 F.N.=22) Nikon objective. The chirality of laser is modulated by our electrical control 271 

quarter-wave plate which can rotate with a uniform speed, and we simultaneously detected the 272 

photocurrent by a semiconductor device analyzer (Angilent B1500A). 273 

SHG measurements 274 

In SHG experiments, the samples were excited by a femtosecond pulse laser centered at 820 275 

nm with average power of 800 μW (Spectra-Physics Maitai laser, ~100 fs, 80 MHz). The linear 276 

polarized laser was normally incident and focus on samples by a Nikon objective (100x, 277 

N.A.=0.80). In reflection geometry, the generated SHG signal was directly collected by the same 278 

objective and recorded by a grating spectrograph (Princeton SP-2500i) with fixed integration time 279 

of 10 s. In the D dependent SHG experiments, the displacement field was applied through the dual 280 

gate independently controlled by two source meter units (Keithley 2400 Source-meter). 281 

Relativistic first-principles calculations 282 

The calculations were performed within density functional theory (DFT) using the modified 283 

Becke-Johnson exchange potential and Perdew-Burke-Ernzerh (PBE) of correlation functional as 284 

implemented in the WIEN2K program. Relativistic effects, including spin-orbit coupling, were 285 

fully included. The Brillouin zone was sampled by a 12x12x1 k-mesh. For the orbital and layer 286 

projection calculation, a tight binding Hamiltonian for the bulk band structure was constructed by 287 

downfolding the DFT results using maximally localized Wannier functions 52-54, employing Mo 4d 288 

and 5s orbitals and S 3p and 3s orbitals as a basis. 289 
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 420 

Figure 1. Observation of DC-related SONE in bilayer MoS2. (a) Schematic diagram for the 421 

measurement of DC-related SONE with an incidence (azimuthal) angle Φ (θ). (b) Illustration of 422 

the crystal structure of bilayer MoS2, the cross point of dot lines marks the center of spatial 423 

inversion symmetry. (c) Helicity-dependent photocurrent in bilayer MoS2 as a function of the 424 

quarter-wave plate angle (upper panel). Blue (red) dot lines represent the measured (fitted) results. 425 

Lower panel:  𝐶𝐶 sin 2𝛼𝛼 (blue), 𝐿𝐿1 sin 4𝛼𝛼 (green) and 𝐿𝐿2 cos 4𝛼𝛼 extracted by fitting. (d) Power 426 

dependence of the DC-related SONE. (e) Position dependent DC-related SONE. (f) 427 

Helicity-resolved photocurrent versus radiation energy, under the excitations of 633 nm and 532 428 

nm. (g) CPGE/LPGE as a function of back gate voltages. 429 

  430 



 431 

Figure 2. D-dependent SONE. (a) Schematic structure for a dual-gate bilayer MoS2 device. Inset: 432 

Optical image of the dual-gate device. (b) The corresponding AFM imagine of (a). The zoom-in 433 

image shows the ultraclean interface. (c) Back gate transfer characteristics with different VTG. (d) 434 

Polarization-dependent photocurrents detected under different D. (e) CPGE (blue dots) and LPGE 435 

(green dots) extracted from the photocurrents shown in (d), red dots are the detected SHG. 436 
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 438 

Figure 3. Valley dependent spin-layer locking in bilayer MoS2. (a) Orbital projected band 439 

structure for bilayer MoS2. Symbol size is proportional to its population in corresponding state. (b) 440 

Colour map of the out-of-plane spin polarization for the first valence band (VB1). (c) Illustrations 441 

of the spin-layer locking in bilayer MoS2. 442 

443 



 444 

Figure 4. Rotation symmetry analysis of DC-related SONE. (a,c) Optical image of monolayer 445 

(green square) MoS2 devices on SiO2 before (a) and after (c) we rotate the device 180°. Scale bar, 446 

5 µm. (b) The helicity-dependent photocurrent and its fitting corresponding to configuration of (a). 447 

(d) Polarization-resolved photocurrent and its fitting corresponding to configuration of (c). The 448 

red arrow indicates the direction of photocurrent flow, and the photo-thermal current background 449 

D has been deducted for clarity. 450 
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 452 

Figure 5. Layer-dependent DC-related SONE. (a) Optical image of MoS2 filed effect transistor 453 

devices with different channel thicknesses. Scale bar, 5 µm. (b) The corresponding SHG mapping 454 

of (a). (c) The SHG intensity versus the number of layers. (d) Polarization-resolved photocurrents 455 

with the laser located at the black, red, purple and green dots in (a). (e) Layer-dependent CPGE 456 

photocurrents extracted by fitting. 457 



Figures

Figure 1

Observation of DC-related SONE in bilayer MoS2. (a) Schematic diagram for the measurement of DC-
related SONE with an incidence (azimuthal) angle Φ (θ). (b) Illustration of  the crystal structure of bilayer
MoS2, the cross point of dot lines marks the center of spatial inversion symmetry. (c) Helicity-dependent
photocurrent in bilayer MoS2 as a function of the  quarter-wave plate angle (upper panel). Blue (red) dot
lines represent the measured (�tted) results. Lower panel: ฀฀sin2฀฀ (blue), ฀฀1sin4฀฀ (green) and
฀฀2cos4฀฀ extracted by �tting. (d) Power dependence of the DC-related SONE. (e) Position dependent DC-
related SONE. (f)  Helicity-resolved photocurrent versus radiation energy, under the excitations of 633 nm
and 532 nm. (g) CPGE/LPGE as a function of back gate voltages.



Figure 2

D-dependent SONE. (a) Schematic structure for a dual-gate bilayer MoS2 device. Inset: Optical image of
the dual-gate device. (b) The corresponding AFM imagine of (a). The zoom-in image shows the ultraclean
interface. (c) Back gate transfer characteristics with different VTG. (d) Polarization-dependent
photocurrents detected under different D. (e) CPGE (blue dots) and LPGE (green dots) extracted from the
photocurrents shown in (d), red dots are the detected SHG.



Figure 3

Valley dependent spin-layer locking in bilayer MoS2. (a) Orbital projected band structure for bilayer MoS2.
Symbol size is proportional to its population in corresponding state. (b) Colour map of the out-of-plane
spin polarization for the �rst valence band (VB1). (c) Illustrations of the spin-layer locking in bilayer
MoS2.



Figure 4

Rotation symmetry analysis of DC-related SONE. (a,c) Optical image of monolayer (green square) MoS2
devices on SiO2 before (a) and after (c) we rotate the device 180°. Scale bar, 5 μm. (b) The helicity-
dependent photocurrent and its �tting corresponding to con�guration of (a). (d) Polarization-resolved
photocurrent and its �tting corresponding to con�guration of (c). Thered arrow indicates the direction of
photocurrent �ow, and the photo-thermal current background D has been deducted for clarity.



Figure 5

Layer-dependent DC-related SONE. (a) Optical image of MoS2 �led effect transistor devices with different
channel thicknesses. Scale bar, 5 μm. (b) The corresponding SHG mapping  of (a). (c) The SHG intensity
versus the number of layers. (d) Polarization-resolved photocurrents with the laser located at the black,
red, purple and green dots in (a). (e) Layer-dependent CPGE photocurrents extracted by �tting.
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