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A0.1 Simulation of the electric field under different wavelengths

A0.1 Simulation of the electric field under different wavelengths17

The electron tomography reconstruction captures the geometry of the twisted NR, the re-18

sult is further used as the input for the electromagnetic simulations of the gold NRs (Fig-19

ure shown below).

Fig. S1. Electric field mapping under different wavelengths. (a) 541 nm; (b) 619 nm; (c) 803 nm. The
first two columns indicate the incident light polarization, σ− and σ+, respectively. The last column marks
the electric field difference by calculating the results of 2(|Eσ− |2 − |Eσ+ |2)/(|Eσ+ |2 + |Eσ− |2).

20

Although the peak positions in the simulated extinction spectrum were slightly blue-shifted21

compared to the experimental result, the shape of the simulation resembles the experimen-22

tal result. This might be due to the limited variations of the particle shapes in the simula-23

tion. Particle dispersion solutions were used in the experimental measurements; therefore,24

obtained results were the average of all particles.25

However, the wet-chemical synthesis could not lead to perfect size uniformity, i.e., the NR26

shapes and sizes must vary in some range, and these variations would lead to slightly dif-27

ferent optical properties. If more 3D structures of particles can be captured and used in28

the electromagnetic simulations, the results should be closer to the experimental results.29

The same applies to the g-factor plot simulations. The simulated g-factor plot assumed a30

shape and intensity similar to those of the experimental results, with peaks slightly blue-31

shifted. Overall, these simulation results suggested that the simulation captures the funda-32

mental features of the twisted NRs.33

In Fig. S1, the electric field distributions around the NRs are shown below. Three wave-34

lengths based on the simulated peaks in the extinction spectrum and g–factor plots (54135

nm, 619 nm, and 803 nm) were selected to induce the near-field effect. At 541 nm Fig. S1(a),36
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A0.2 SEM images, Optical measures

the most intense electric field is populated at the lateral positions of the rod (σ−: upper37

side, σ+, lower side). At longer wavelengths in Fig. S1(b, c), the strongest electric fields38

were found at the tips of the rod, and the induced electric field patterns under σ− and σ+
39

did not overlap. The difference was further revealed by calculating the results of 2(|Eσ− |2−40

|Eσ+|2)/(|Eσ+ |2 + |Eσ+|2), mimicking the g–factor. The diagrams clearly demonstrated the41

changes in the electric field induced by σ− and σ+ shown in Figs. S1(a3, b3, c3).42

A0.2 SEM images, Optical measures43

Fig. S2. SEM images and optical simulation and experimental results. (a, b) Low magnification SEM
of the left-handed and right-handed twisted gold NRs. (c, d) Optical simulation and experimental results
based on the right-handed twisted gold NR obtained via electron tomography result. The gray lines indi-
cate the simulation results, while the red lines indicate the experimental results.

Low-magnification SEM images exhibit dense carpets of left and right handed twisted gold44

nanorords within a few hundreds of nanometers and distinct ”enatiometeric” surface mor-45

phologies (Fig. S2 a,b). The g-factor (CD) spectrum show experimental results (Fig. S2 c)46

and simulation (d) show similar pronounced negative band peaks near 650 nm confirming47

the strong plasmon - enchanced circular dichroism of the chiral NRs. These characteriza-48

tion verifies the optical activity predicted by the electromagnetic simulations.49

A0.3 Experimental Setup50

For the sample preparation of the experiment, the thick nanoparticles were deposited onto51

a glass slide with a micropipette. Subsequently, the nanoparticles were dispersed by a spin52

coater at a relatively low speed.53

Figure S3 is an illustration of the experimental setup. The laser is a mode-locked regen-54

erative Ti: sapphire laser producing approximately 100 femtosecond pulses at a repeti-55

tion rate of 1 kHz with 804 nm center wavelength. Laser pulses traverse a half-wave plate56

(HWP) in combination with a quarter-wave plate (QWP) that controls the polarization57

state of the laser beam. These polarization states include linearly polarized light (σ0 = 0)58

and circularly polarized light (σ± = ±1). Under a transmission geometry, the laser beam59

is focused by a first lens onto the nanoparticles after passing through polarization optics60

(half-wave plate pate and quarter-wave plate). Polarization optics enables the illumination61

of nanoparticles with the laser beam of various polarizations, including linear and circular62

ones. We use a spatial light modulator (SLM), which is an optical device that dynamically63

modulates the phase, and intensity of the incident beam spatially. The SLM is employed64

as a reflective optical element to facilitate the reflection of the fundamental beam and the65

generation of customized beam patterns to create beams that carry orbital angular mo-66
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A0.3 Experimental Setup

Fig. S3. Experimental setup for TPL measurement and helical dichroism determination. The
combination of the HWP and QWP enables the generation of linearly polarized or circularly polarized
light. The SLM (Santec-200) enables the production of structured light carrying non-zero orbital angu-
lar momentum (OAM). The iris serves as a spatial filter to the first-order that is then focused by a 100×
0.90NA dry objective lens onto the sample on a glass slide and the photoluminescence is collected by a
50× 0.80NA microscope objective.

mentum (OAM). An iris is employed to block the zeroth order and select the preferred or-67

der of the OAM beam. No iris is required for testing with the reflection of the fundamen-68

tal beam. A 100× 0.90 NA dry objective lens is used to focus the beam onto the sample,69

and the collection is done by a 50× 0.80 NA dry objective lens. The sample is placed on70

a (x, y, z) translation stage. A (550±25 nm) bandpass filter along with an analyzer rejects71

fundamental light, allows the nonlinear emissions, and selects the preferred polarization72

state of the signals. A Thorlabs High-Speed Si Photodetector with a PDA200C photodi-73

ode Amplifier enables low noise measurements of small photodiode currents. To minimize74

sample damage, the laser power used is < 2.5 mW.75

Light beams carrying spin and/or orbital angular momentum were controlled by SLM and76

a combination of polarization optics (Linear Polarizers (LP), HWP, QWP). When a Gaus-77

sian beam is incident on the SLM with a phase mask, an optical vortex with a phase sin-78

gularity of a certain topological charge (ℓ) can be generated.79
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A0.4 Different emission of Two-photon processes

A0.4 Different emission of Two-photon processes80

In a nonlinear media, the dielectric polarization (P ) is nonlinearly related to the incident81

light’s electric field (E). The parametric process is generally coherent. Many parametric82

nonlinear processes depend on phase matching condition and are usually polarization de-83

pendent. Because of the nature of the electronic energy levels involved in the photon ab-

Two-Photon Processes Excitation wavelength (λω) Emission wavelength (λω′) Degree of Nonlinearity

TPA

800 nm [1] 620 nm [1] 2.05±0.01 [1]
TPL 774 nm [2] 610 nm [2] 1.93±0.04 [2]

800 nm [3] ∼650 nm [3] 1.97 [3]

TPE 760 nm [555, 728] nm [4] 2.07
(785 nm) [4] (2.10) [4]

SHG 850 nm [5] 425 nm [5] 2.2 [5]

Table 1: Two-photon absorption and degree of nonlinearity.

84

sorption during the nonlinear process, one can distinguish a parametric process from non-85

parametric ones. If the excited state is virtual, the process is parametric (ω3 = ω1 ± ω2).86

Otherwise, it is a nonparametric process (ω3 < ω1 + ω2).87

Two-photon absorption (TPA) is a nonlinear optical process dependent on the third-order88

nonlinear susceptibility (χ(3)). The relationship between the number of photons, equiva-89

lently, order of the electronic transitions involved in a TPA process and the order of the90

corresponding nonlinear susceptibility is misleading. Likewise, the relationship between in-91

put power and generated fluorescence power is most of the time quadratic, further increas-92

ing the ambiguity. Experimentally, the fluorescence spectrum, the input/output power93

relationship, and the material’s symmetry allow the identification and differentiation of94

parametric processes from non-parametric nonlinear ones.95

A0.5 TPL excited by a Gaussian beam linearly polarized96

Two-photon photoluminescence was verified from left-handed and right-handed twisted97

gold NRs by measuring the dependence of the luminescence intensity (λem = 550 nm) as98

a function of the fundamental power (λex = 804 nm). Signal intensities were collected for99

light that has linear polarization and circular polarization. In nonlinear optics, the out-100

put intensity is related to the input light intensity by a power-law dependence (Iout ∝101

Inin) where the exponent (n) represents the order of the nonlinear process. Consequently,102

the slope of a log–log plot provides information about the nonlinearity order. A quadratic103

dependence of the signal intensity was observed as shown in Fig. S4a for linearly polar-104

ized Gaussian fundamental beams. The slope values after the conversion into a log-log105

plot were 1.84 and 1.80 for right and left- handed twisted NRs respectively as shown in106

Fig. S4b.107

The difference between the left and the right handed twisted NRs ”slopes” is not acciden-108

tal as the curves are an average of five different measurements made on the same sample109

on different NRs. The slope difference may be due to the quality of the particles or to ab-110

sorption dependent- chirality.111
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A0.6 TPL excited by a Gaussian beam circularly polarized

Fig. S4. Quadratic relationship between the TPL power and the Gaussian fundamental
power. (a) TPL power as a function of the input power. (b) Log-log plot showing the slope values. The
quadratic curves show a slope equal to 1.84 for right and 1.80 for left handed twisted NR indicating a
second- order nonlinear TPL response.

A0.6 TPL excited by a Gaussian beam circularly polarized112

Fig. S5. Quadratic relationship under Gaussian beam circularly polarized. (a,c) Quadratic
relationship between TPL power and fundamental circularly polarized Gaussian beam illuminating right-
handed twisted gold NR in (a) and the left-handed twisted gold NR in (b). (b,d) Log-log plot showing the
slope values in (a) and (b) respectively. In (b), the right-handed twisted gold NRs under RCP-σ+ (LCP-
σ−) give a slope of 1.79 (1.70). In (d), the left-handed twisted gold NRs under σ+(-σ−) excitation gives a
slope equal to 1.74 (1.81).
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A0.7 Asymmetric Laguerre-Gaussian Beam and singularity Shift

To investigate the difference between the slopes in Fig. S5(b,c), that may reveal the intrin-113

sic dichroism of the twisted gold NRs , we endow the fundamental beam with a spin an-114

gular momentum (SAM) by circularly polarizing it. A Gaussian beam circularly polarized115

possesses a spin momentum σ± = ±1. Comparing slopes of curves in Fig. S5, we observe116

that the slope of the curve for the right-hand (RH) twisted gold NR under RCP (σ+) light117

is relatively higher as well as that of the left-hand (LH) twisted gold NR under LCP light118

(σ−). Remarkably, the shining of circularly polarized light onto gold NRs reveals the pref-119

erential coupling of gold NRs to light with a certain spin-orbital momentum (σ± = ±1).120

During analysis, the background intensity is subtracted from the measured values to ob-121

tain the corrected signal.122

A0.7 Asymmetric Laguerre-Gaussian Beam and singularity Shift123

The complex amplitude of a conventional LG beam in polar coordinates on the z = 0124

plane is given by (S5):125

Eℓ,p(r, φ, z = 0) =

(√
2r

w0

)|ℓ|

Lℓ
p

(
2r2

w2
0

)
exp

(
− r2

w2
0

+ iℓφ

)
(S5)

where (r, φ, z) are cylindrical coordinates , w0 is the Gaussian beam waist, ℓ is the topo-126

logical charge of the optical vortex and Lℓ
p is the adjoint Laguerre polynomial. If the beam127

phase is offset by δ from the origin of the x and y coordinate axes (δ can take real or com-128

plex values), the complex amplitude takes the following form (S6) [6] for propagation in129

the free space at an arbitrary distance z130

Ωℓ,p(s, z) =

(
w0

w(z)

)(√
2

w0

)|ℓ|

[(x± δ) + i(y ± δ)]|ℓ| Lℓ
p

(
2s2

w2(z)

)
Eℓ,p(s, φ, z) = Ωℓ,p(s, z) exp

(
− s2

w2(z)
+ i

ks2

2R(z)
− i(|ℓ|+ 2p+ 1)ζ(z)

) (S6)

Here, w(z) = w0

√
1 +

(
z
z0

)2
with the Rayleigh range z0 =

πw2
0

λ
at a certain wavelength λ,131

s2 = (x ± δ)2 + (y ± δ)2 is the new radius, R(z) = z
(
1 + z0

z

)2
is the radius of curvature,132

and ζ(z) = arctan
(

z
z0

)
is the Gouy phase shift of a Gaussian beam (the generalization for133

a Laguerre Gaussian beam, Gouy phase is (|ℓ|+ 2p+ 1)ζ(z)).134

The optical helicity is not noticeable for δ1 ∈ [−5, 5] nm and clearly noticeable δ2 ∈ [−30, 30]135

nm as shown in Fig. S6. The difference in the response of right-handed twisted gold NRs136

and left-handed twisted gold NRs is sensitive to the incident light polarization. Laguerre-137

Gaussian beams are offset by maintaining a real counterpart while increasing the imagi-138

nary or complex component of the other axis.139

Considering corrections that can be made in the paraxial regime as well as in the Fourier140

plane, the longitudinal component of the field is considered as shown in equation (S7) [7,141

8]. The asymmetry parameter, δ, displaces the phase singularity causing the electric field142

amplitude to be asymmetric. For a symmetric LG, δ = 0 but in the case of aLG, δ ̸= 0.143
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A0.8 Intensity and electric field profiles of asymmetric Laguerre-Gaussian beam

Fig. S6. Numerical simulation of helical dichroism (HD) in nanoparticles.

The displacement is done by offsetting δ on the (x, y) plane considering that it is perpen-144

dicular to the polarization direction. Helical dichroism (HD) -type I is defined as:145

HDℓ,p(s, φ, z) =

∫ +w0

−w0

D
(
Υ+ −Υ−) dxdy (S7)

where the optical helicity Υ± = Re[∇iE
±
j E

±∗
i ] quantifies the handedness of helical light146

and D represents a collection of physical quantities or material-dependent prefactors [9].147

The ± = sign(ℓ) represents the topological charge (ℓ) polarity of a vortex beam without148

radial mode p = 0.149

HD -Type I in equation (S7) is directly proportional to the difference in the inter-band150

transition rates under excitations by left-handed and right-handed helical beams with asym-151

metry parameter (δ). It shows that the differential absorption of left-handed and right-152

handed helical light by achiral and chiral medium can be precisely adjusted by offsetting153

the singularity (δ) from the cetner of an OAM beam. The simulation results shown in Fig. S6154

are obtained by integrating HD -Type I over the entire beam cross section. It shows the155

evolution of the optical helicity in gold NRs with the offset in an aLG beam.156

As seen in the Fig.S6 , helical dichroism is zero for a symmetric LG beam (δ = 0) but is157

non-zero for aLG beams that exhibit the differential absorption by gold NRs. It is there-158

fore dependent on the beam profile and does not manifest itself in symmetric LG beams.159

A0.8 Intensity and electric field profiles of asymmetric Laguerre-Gaussian160

beam161

The interference between aLG and Gaussian beams shows the rotation direction of the162

electric field, thereby the torque. These offsets induce the redistribution of the ring energy163

in aLG beams, as shown in Fig. S7.164

Unlike conventional LG beams, the transverse intensity patterns clearly show that the elec-165

tric field is the key. From Fig. S7, when the offset is opposite to the combination ℓ and166
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A0.9 Choice of the Singularity offset and the topological charge

Fig. S7. aLG±3,0 beam interfering with a Gaussian beam at the sample Plane. Numerically
computed electric field and intensity profile of the fundamental beam aLG±3 interfering with a Gaussian
beam at the plane of the sample for a singularity offset of (a) δ = ±50 nm, (b) δ = ±30 nm and δ = ±20
nm, and (c) δ = ±10 nm. The helicity is less sensitive to the chirality as the asymmetry degree or the
singularity offset is low. Above 50 nm, the beam is losing its vortex property.

Fig. S8. aLG±3,0 experimental images. Intensity profiles of the fundamental beam aLG±3 with in-
creasing(to the right) and decreasing(to the left) offset of the singularity.

σ, the electric field changes its polarity (direction). Therefore, the beam interaction with167

electrons will change depending on the chirality and the coupling with electron OAM. The168

change in field distribution is confirmed by the experimental data in Fig. S8 as the phase169

singularity increases or decreases.170

A0.9 Choice of the Singularity offset and the topological charge171

Fig. S9. TPL intensity versus topological charge and the singularity offset. TPL intensity as
a function of the singularity offset for different topological charges illuminating (a) left-handed and (b)
right-handed twisted gold NRs. The maximum of the intensity is found for |ℓ| = 3 under a singularity
offset different for left-handed (|δ| = 30 nm) and right-handed (|δ| = 20 nm) gold NR. The gap between
the maximum singularities that correspond to the maximum intensity may be due to quality difference
between the left-handed and right-handed twisted particles.
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A0.10 Helical dichroism under circularly polarized aLG beams

The phase singularity was displaced systematically by displaying onto the SLM phase masks.172

As the beam is focused onto the sample, the step size is modulated and the two photon-173

induced photoluminescence is studied. The singularity in the input OAM beam is varied174

by displacing the imaginary axis (corresponding to the y-axis) and maintaining a constant175

position along the real axis. The first part of the study involves the investigation of the176

transmission properties of two-photon induced photoluminescence in gold NRs by system-177

atically varying the displacement of the optical field’s singularity along the imaginary axis178

while maintaining a constant position along the real axis.179

As seen in Fig. S9, the input topological charge (ℓ) is varied between ℓ = [−4, 4]. The ini-180

tial profiles showed that the highest transmission of two-photon luminescence (TPL) was181

observed for topological charge values of |ℓ| = 3. Expanding on this preliminary finding,182

we conducted a more detailed investigation of the transmission intensity.183

A0.10 Helical dichroism under circularly polarized aLG beams184

Circular polarization in conjunction with OAM (ℓ = ±3) is used to study the helical dichro-185

ism of twisted gold NRs. HD (circularly polarized) is the difference in absorption (emis-186

sion) of a circularly polarized light by a chiral solid [10].187

HDCP = 2
I(ℓ, σ±)− I(−ℓ, σ∓)

I(ℓ, σ±) + I(−ℓ, σ∓)
(S8)

Equation (S8) defines the helical dichroism that arises from the differential absorption of188

helical light endowed with an opposed topological charge (ℓ = ±3) under circular polariza-189

tion (σ = ±1) . The difference in the TPL intensity for left-handed and right-handed gold190

NRs in Fig. S9 is captured further by Fig. S10.

Fig. S10. Chirality handedness and Helical dichroism method. Helical dichroism (CP) as a func-
tion of the singularity offset (δ). in (a)left-handed and (b) right-handed (bottom) twisted gold NR probed
by various combinations of asymmetric twisted circularly polarized light.

191

A0.11 Polarization of TPL generated by twisted gold nanorods192

The polarization-dependent nonlinear response was measured by rotating the incident po-193

larization with a half-wave plate, while detecting the emission through a fixed analyzer ori-194

entation.195

Fig. S11 represents the remaining possible combinations shown in the main text. It shows196

clearly that when the product of two phase offsets is negative (δ1δ2 < 0), the magnitude of197
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A0.12 Multiphoton Imaging and Emission Spectrum : Fluorescence images and Emission Spectrum

Fig. S11. Vortex offset combination and TPL polarization under linearly polarized aLG
beams. (a,b) Polarization and magnitude of TPL intensity under aLG beams with opposite polarity in
δ (a) and the same polarity in δ (b). Each point in the graph is an average of five measurements taken
under the same condition on the same sample. For clarity, the standard error is not added.

the TPL is the same – the absorption is at the same level for beam with |ℓ| = 3. Discon-198

tiguous TPL curves appear only when the product of phase offsets is positive (δ1δ2 > 0).199

200

A0.12 Multiphoton Imaging and Emission Spectrum : Fluorescence images201

and Emission Spectrum202

Fig. S12. Microscopic images of the right-handed twisted gold NRs under irradiation of 900 nm. (a)
second-harmonic generation 450 nm. (b–d) TPL wavelengths detected at 475 nm (b), 500 nm (c), and 525
nm (d).

Further analysis was performed with a Leica confocal microscope SP8 which has a fem-203

tosecond laser (Chameleon, λ = 900 nm) installed within the system, to study nonlin-204

ear optical emissions. By changing emission filters, different intensity distribution images205

were obtained as shown in Fig. S12. Nonlinear emissions include second harmonic genera-206

tion (exactly half of the initial wavelength λin) and two-photon photoluminescene (> 1
2
λin)207

from the right-handed twisted gold NRs. Also, the acquired emission spectrum shows two208

(2) major peaks at approximately 540 nm and 610 nm and correspond to the plasmonic209
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Bräuer, Alfred J Meixner, Monika Fleischer, Dai Zhang, Anne-Laure Baudrion, and218

Pierre-Michel Adam. Enhanced two-photon photoluminescence assisted by multi-219

resonant characteristics of a gold nanocylinder. Nanophotonics, 9(12):4009–4019, 2020.220

[3] Xiao-Fang Jiang, Yanlin Pan, Cuifeng Jiang, Tingting Zhao, Peiyan Yuan, T Venkate-221

san, and Qing-Hua Xu. Excitation nature of two-photon photoluminescence of gold222

nanorods and coupled gold nanoparticles studied by two-pulse emission modulation223

spectroscopy. The journal of physical chemistry letters, 4(10):1634–1638, 2013.224

[4] Xuxing Lu, Deep Punj, and Michel Orrit. Two-photon-excited single-molecule fluores-225

cence enhanced by gold nanorod dimers. Nano Letters, 22(10):4215–4222, 2022.226

[5] Guang-Can Li, Dangyuan Lei, Meng Qiu, Wei Jin, Sheng Lan, and Anatoly V Zayats.227

Light-induced symmetry breaking for enhancing second-harmonic generation from an228

ultrathin plasmonic nanocavity. Nature communications, 12(1):4326, 2021.229

[6] A. A. Kovalev, V. V. Kotlyar, and A. P. Porfirev. Asymmetric laguerre-gaussian230

beams. Physical Review A, 93(6):063858, 2016.231

[7] Alexander Cerjan and Charles Cerjan. Orbital angular momentum of laguerre–232

gaussian beams beyond the paraxial approximation. JOSA A, 28(11):2253–2260, 2011.233

[8] Kayn A Forbes, Dale Green, and Garth A Jones. Relevance of longitudinal fields of234

paraxial optical vortices. Journal of Optics, 23(7):075401, 2021.235
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