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Observation of Magnetic Quadrupole Endowed Helical
Dichroism in Artificial Propeller Meta-Molecules

Chang-Yin Ji, Shibo Xu, Qinghua Liang, Xiaochen Zhang, Xiaorong Hong, Yang Wang,
Xiaowei Li, Lan Jiang, Yeliang Wang, Jincheng Ni,* Dong Wu,* and Jiafang Li*

This study demonstrates that the magnetic quadrupole (MQ) can make an
indispensable contribution to helical dichroism (HD), which is distinct from
HD caused by electric quadrupole (EQ). Specifically, the established multipole
expansion theory of the light–matter interaction reveals that EQ-induced HD
belongs to the pure electric dipole–quadrupole (E1-E2) excitation, while newly
discovered MQ-induced HD belongs to the pure magnetic dipole-quadrupole
(M1-M2) excitation. Metallic propeller meta-molecules are used to elaborate
on this novel physical mechanism and demonstrate that HD can be
significantly enhanced and flexibly tuned by increasing stereo twist of
propeller meta-molecules or slightly focusing the linearly polarized vortex
beam to improve the orbital angular momentum number. Importantly, the
aforementioned intriguing phenomena are validated by fabricating stereo
twisted propeller meta-molecules via nano-kirigami method. The findings
reveal a paradigm-shift approach to manipulate the chiroptical response of a
single metallic nanostructure via photonic orbital angular moment, opening
prospects for optical encryption, communication, next-generation chiroptical
spectroscopy, and chiral vortex optical devices.
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1. Introduction

The chiral light-matter interaction is one
of the most flourishing realms of modern
optics as it involves and intersects many
disciplines from physics to chemistry and
biology.[1–7] The spin angular momentum
(SAM) of light is widely adopted to ex-
plore advanced chiroptical physics.[8–11]

However, circularly polarized light (CPL)
interacts weakly with a single chiral nanos-
tructure for the case where the operating
wavelength and structure size do not
match. Thus, finding new physical mech-
anisms to enhance weak chiral signals is
an important direction that researchers
have been working on. Light field with
orbital angular momentum (OAM) is
also known as vortex beam which has
been well applied in optical tweezers,[12]

communication,[13] manufacturing,[14]

etc.[15,16] The helical wavefront also gives
vortex beam a chiral degree of freedom
and its handedness is determined by the

sign of the OAM munber l.[17–19] Interestingly, recent theoreti-
cal and experimental studies have demonstrated that the interac-
tion between vortex beam and chiral matters depends on the sign
of l.[20–30] This suggests that photonic OAM can provide another
promising approach to investigate chiral physics. The giant he-
lical dichroism (HD) has been achieved for a single helix,[25,29]

planar-chiral nanostructure,[26] twisted stereometamaterial,[27]

and chiral oligomer.[28] With the virtues of HD spectroscopy,
enantiomeric distinction can be performed using monochro-
matic linearly polarized light fields, which is completely different
from circular dichroism spectroscopy methods.

Although substantial progress has been made in the study
of HD, the physical mechanism of chiroptical effect caused
by photonic OAM is still elusive, especially for artificial chi-
ral micro/nanostructures. The chiral light-matter interaction can
be understood within the framework of multipole form refs.
[31, 32]. Previous studies have shown that linearly polarized parax-
ial vortex beams cannot engage with chiral matters under the
dipole moment approximation.[33–35] However, a chiral dipolar
scatterer can produce HD when the vortex beam is tightly fo-
cused to produce the conversion of OAM to SAM.[23] In the
paraxial regime, it is shown that the contribution of the elec-
tric quadrupole (EQ) plays a fundamental role in the chiral in-
teraction between molecules and photonic OAM,[33,36] as shown
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Figure 1. Helical dichroism (HD) mechanism. a) Schematic plot of chi-
ral molecules. b) Electric quadrupole (EQ) and EQ-induced HD for chi-
ral molecules in (a). HD is very small due to weak EQ excitation of chi-
ral molecules. c) Schematic plot of artificial propeller meta-molecules.
d) Magnetic quadrupole (MQ) and MQ-induced HD for the chiral meta-
molecules in (c). Strong excitation of MQ significantly enhances HD. The
magenta arrow in (c) indicates the current direction on certain blade.

in Figure 1a, b. This physical mechanism has been confirmed
in molecular systems with nanoparticle aggregates[20] and non-
linear absorption.[30] HD is usually small due to weak chiral EQ
excitation in molecular systems [see Figure 1b]. Until now, the
EQ generated HD is only verified in a system with its size much
smaller than the operating wavelength[20,30] but has not been ver-
ified in large-size chiral scatterer systems.[25–29] In addition, it is
unclear whether there are other new physical mechanisms that
produce HD.

Here, we reveal a conceptually new form of HD mechanism
based on the magnetic quadrupole (MQ) excitation, as shown in
Figure 1c, d. We first use multipole expansion theory to model
this novel physical mechanism. We then theoretically engineer
propeller meta-molecules [see Figure 1c] to explore MQ enabled
HD, revealing that HD can be significantly enhanced and flexi-
bly tuned by stereo twist of propeller meta-molecules or slightly
focused vortex beam. Finally, we use the nano-kirigami method
to prepare high-quality propeller meat-moleculars and experi-
mentally observe the theoretically predicted phenomena. Our
work advances the understanding of photonic OAM interactions
with chiral matter and may provoke exciting frontiers for next-
generation chiroptical spectroscopy and chiral vortex optical de-
vices.

2. Results

The rate of excitation Γ for light-matter interaction is given by the
time-averaged multipole form refs. [37–39],

Γ = ⟨ṗ ⋅ E + ṁ ⋅ B + 1
3

Q̇
e

: ∇E + 1
3

Q̇
m

: ∇B⟩t (1)

where p, m, Q e, and Q m are the induced electric dipole (ED),
magnetic dipole (MD), EQ, and MQ moments, respectively. 𝚯 =
1
2
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ei𝜔t) represents a certain real physical quantity in

Equation (1). The expansion form of the multipole is described
as,
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p̃𝛼𝛽 , m̃𝛼𝛽 , and G̃𝛼𝛽 are the electric, magnetic and electric-magnetic
dipole polarizability, respectively. Ã𝛼𝛽𝛾 and K̃𝛼𝛽𝛾 are the electric
and magnetic dipole-quadrupole polarizability, respectively. We
can find that some terms of Γ are closely related to the chirop-
tical response due to they change sign under spatial inversion
operation,
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ΓE1 − M1, ΓE1 − E2, and ΓM1 − M2 represent the electric–magnetic
dipole (E1-M1), electric dipole –quadrupole (E1-E2) and magnetic
dipole–quadrupole (M1-M2) coupling terms, respectively. It an be
seen that the ΓE1 − M1 does not contain linear l-dependent terms.
Therefore, photonic OAM cannot produce chiral interactions
with chiral substances under dipole approximation. The gradient
of the electric field E in ΓE1 − E2 gives the linear l-dependent term.
This shows that the combinations of ED and EQ can give the
HD, which has been confirmed by experimental results. Here,
we reveal another novel mechanism by which the combination
of MD and MQ can also generate HD, named ΓM1 − M2. The lin-
ear l-dependent terms in ΓM1 − M2 come from the gradient of the
magnetic field B. Importantly, the ΓM1 − M2 enabled HD belongs
to purely magnetic effect, which is different from purely electric
effect of ΓE1 − E2. It should be noticed that the modeled ΓM1 − M2
term predicts that HD could be enhanced by higher values of |l|.

We engineer propeller meat-molecules to study proposed
physical mechanisms, as shown in Figure 2a–c. Compared to
propeller chirality in molecules,[40–43] the artificial propeller meta-
molecules can be flexibly designed and their blades are defined by
etched curves 𝜌(𝜃) of air slits.[10,44–46] Here, an equiangular spiral
with fractal characteristics is used to design the blade with 𝜌(𝜃)
= aeb𝜃 . The 2D [Figure 2a] to 3D [Figure 2b, c] transformation
of propeller meta-molecular can be obtained by using the bilayer
stress model established earlier.[47] H is the maximum deforma-
tion height.

To avoid photonic SAM caused chirality effects and oblique in-
cidence enabled extrinsic chirality, linearly polarized vortex beam
is perpendicularly incident on the propeller meta-molecules in
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Figure 2. Stereo twist enhanced helical dichroism. a) The predesigned 2D propeller precursor with fivefold rotational symmetry. The substrate is silica.
The air slit width and gold film thickness are 200 and 60 nm, respectively. The curve form of the etching air slit in polar coordinates is 𝜌(𝜃) = aeb𝜃 . Here,
a = 0.8 μm, b = 0.5 and the range of parameter 𝜃 is 𝜃 ∈ [0, 4]. b, c) The 3D stereo twisted propeller meta-molecules transformed from the 2D precursor
in (a). H is the maximum deformation height. d–f) Reflection spectra of linearly polarized vortex beams corresponding to the propeller meta-molecules
in (a-c). g–i) Helical dichroism (HD) spectra for the propeller meta-molecules in (a-c). j–l) The electric field distributions for the l = ±18. The ranges of
x and y are both from -17.5 to 17.5 μm in (j–l).

Figure 2a–c. The beam waist radius w0 of the vortex beam is w0 =
1.2 μm for the results in Figure 2d–l. For H = 0 μm of the 2D pro-
peller meta-molecular in Figure 2a, the results in Figure 2d shows
that the reflectance spectra of opposite l is almost the same. How-
ever, when H increases to 1.04 μm, the reflection of +|l| vortex
beam is noticeably larger than that of the −|l| vortex beam, as
shown in Figure 2e. This shows that the chiroptical response
caused by the photonic OAM comes from the 3D structural chi-
rality. Interestingly, when the deformation height of the meat-
molecular is further increased to 2.07 μm, the positive +|l| vortex
beam is still strongly reflected, while the reflection of the −|l| vor-
tex beam is greatly reduced, as shown in Figure 2f. In such case,
the reflection differences in photonic OAM of opposite signs are
significantly amplified for propeller meta-molecular in Figure 2c.

To quantify stereo twist-enhanced HD, the HD is defined as:
HD=R+|l| −R−|l|, where R is the reflectivity of vortex beam by chi-
ral matters. For the 2D planar chiral meta-molecule in Figure 2a,
the HD response is negligible [see Figure 2g] and such character-
istic can also be revealed by the almost identical reflection field
distribution in Figure 2j for l = ±18. Optically behaves like a mir-
ror for the 2D structure in Figure 2a, see Figure 2j. As the blades
twist height increases for the meta-molecules in Figure 2b, the
distinct HD peak appears and the maximum HD value is 0.126,
as shown in Figure 2h. Compared with the case of small twist

height in Figure 2b, the results in Figure 2i show that the HD
peak is more significant and the maximum HD value is 0.489
for large twist height in Figure 2c. The physical origin of giant
HD peak can also be observed from remarkably incoordinate re-
flection field distribution between vortex beam with l = 18 and
l = −18, as shown in Figure 2k, l. For 3D chiral structures in
Figure 2b, c, the field distribution of the reflected vortex beam is
significantly modulated and the strong reflection comes from the
stereotwisted blades [see Figure 2k, l].

We use the multipole theory to further reveal that the strong
HD comes from the chiral MQ excitation. Figure 3a,b is the
scattering power spectra of multipole moments for the propeller
meta-molecules in Figure 2b,c, respectively. Their common fea-
ture is the excitation amplitude of MQ is much greater than that
of ED, MD, and EQ, as shown in Figure 3. Furthermore, the
amplitude of the MQ excited by +|l| vortex beam is greater than
that of excited by −|l| vortex beam for the same propeller meta-
molecular, as shown in Figure 3c, d. This suggests that the HD
indeed comes from the contribution of chiral MQ. Comparing
the results in Figure 3c,d, it can be seen that the difference in
magnitude of the MQ excited by the +|l| and −|l| vortex beams be-
comes larger as the twist height of the propeller meta-molecular
increases. Such observation explains why deformation enhances
HD and is self-consistent with the results in Figure 2. The strong
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Figure 3. a, b) Scattering power spectra of multipole moments under linearly polarized vortex beam for the propeller meta-molecules in Figure 2b, c.
c, d) Scattering power of MQ excited by the +|l| and −|l| vortex beams. ED: electric dipole; MD: magnetic dipole; EQ: electric quadruple; MQ: magnetic
quadrupole. Scattering power normalized to the largest MQ.

excitation of the MQ benefits from the unique topological mor-
phology of the propeller meta-moleculars, which are formed by
the combination of five unidirectionally twisted blades. Electric
current flows along the blades since the electron motion is con-
fined to the interface between metal blades and air background,
indicated by the magenta arrows in Figure 1c. This results in a
configuration of the current on the propeller meta-molecule that
resembles that of MQ.

Another property for MQ-induced HD is that HD can be en-
hanced by large OAM l due to ΓM1 − M2 linear dependence on l.
Here, we illustrate this phenomenon by changing the beam waist
radius w0, since the intensity of the vortex beam is a ring distribu-
tion of the central dark spot and the diameter of the ring profile
is dl = w0

√
2|l|. The w0 corresponding to Figure 4a,b,c is w0 =

2 μm, w0 = 1.5 μm, and w0 = 1 μm, respectively. From the results
in Figure 4, it can be seen that as w0 decreases, the position where
the reflection difference between+|l| and−|l| vortex beam is large
moves toward a large +|l| value and the spectrum difference grad-
ually increases. The corresponding HD spectra are shown in the
bottom of Figure 4a–c. The |l| corresponding to maximum HD
value are |l| = 6 in Figure 4a, |l| = 10 in Figure 4b and |l| = 17 in
Figure 4c. The maximum HD increases from 0.187 to 0.588 as l
changes from 6 to 17, see Figure 4a, c.

The propeller meta-molecule designed in Figure 2 is ex-
perimentally fabricated through a cutting-edge nano-kirigami
method.[47–49] Figure 5a is the scanning electron microscopy
(SEM) image of the fabricated metallic propeller meta-molecules,
which is consistent with the theoretical design structure in
Figure 2c. It should be noticed that the slight collapse of the
propeller precursor before the irradiation of FIB has little effect

Figure 4. a–c) Reflection and HD spectra of linearly polarized vortex
beams with different beam waist radius w0 for the propeller meta-molecule
in Figure 2c. w0 = 2𝜖m in (a), w0 = 1.5𝜖m in (b) and w0 = 1𝜖m in (c).

on the deformation during subsequent FIB irradiation since the
slightly collapsed parts will be eventually deformed upward. In
the experiment, FIB is used to irradiate the propeller structure
from center to outside to achieve uniform structural deforma-
tion. The structural damage under FIB irradiation depends
on factors such as ion species, energy, dose, and the nature
of the material being irradiated. Here, when deforming a 2D
precursor into a 3D propeller structure, we use very low dosage
of FIB to avoid influential structural damage at the operation
wavelength region (see sample fabrications of Experimental
Section). Smooth surfaces reveal high-quality properties of chiral
metallic nanostructures based on nano-kirigami method and
negligible structural damage, which is difficult to obtain with
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Figure 5. Experimental Observations. a) SEM image of the fabricated propeller meta-molecule. b–e) Measured reflection (b, d) and helical dichroism
(c, e) spectra of the propeller meta-molecule in (a) with different NA. f) The light intensity distribution recorded by charge-coupled device (CCD) camera
for NA=0.9. NA is the numerical aperture of microscope objective (MO). The linearly polarized vortex beam is focused by the MO and then illuminated
vertically onto the sample. Scale bars: 5 μm.

other additive manufacturing technologies.[50–53] Experimental
vortex beams with different OAM l are obtained by controlling
fork grating holograms on a phase-only spatial light modu-
lator. The linearly polarized vortex beam is slightly focused
by the microscope objective (MO) and then incident on the
sample vertically. The vortex beam with different beam waist
radius is obtained by MO with different numerical aperture
(NA).

The measured reflection and HD spectra are shown in
Figure 5b–e, respectively. The NAs of the experimental results
in Figure 5b–e are NA = 0.8 and NA = 0.9, respectively. The mea-
sured reflectance spectra are in good agreement with the theoret-
ical simulation except for the small OAM case, unambiguously
revealing that MQ-induced HD is successfully realized. The dis-
crepancy between theory and experiment mainly comes from the
difficulty in producing ideal vortex beam experimentally and the
uncertainty of optical characterizations. The HD peak appears at
the |l| = 8 and its intensity is 0.243 for NA = 0.8 [see Figure 5c],
while HD peak appears at the |l| = 17 and its intensity is 0.45
for NA = 0.9 [see Figure 5e]. The experimental results show that
HD can indeed be greatly enhanced by improving OAM l, which
also provides solid evidence for the discovery of MQ-induced HD.
Figure 5f is the reflection field distribution of l = 18 and l =
−18 recorded by the charge-coupled device (CCD) camera for
NA = 0.9. It can be clearly seen that the vortex beam with l =
18 is strongly scattered by the twisted blades, while the vortex
beam of l = −18 interacts with the blades very weakly, result-
ing in a small reflection. It should be noticed that in the current
reflection configurations, numerical simulations reveal that the
shape or depth of the etched silica substrate basically does not
affect the spectra (results not shown). Compared with the tradi-
tional helical structures, here the propeller structures could pro-
vide a higher degree of tunability in terms of twisted dimension,
pitch angle, and geometric configuration, resulting in an effi-

cient interaction with the incident vortex beam and enhanced HD
response.

3. Conclusion

In summary, we theoretically propose and experimentally ver-
ify that the photonic orbital angular momentum can produce
chiral interactions with the magnetic quadrupole excitation of
chiral matters, which highlights the importance of often over-
looked higher order multipole for the cases where the chiral
light interacts with large-scale objects. We use the established
multipole expansion theory to profoundly reveal that the mag-
netic quadrupole induced helical dichroism belongs to pure mag-
netic dipole-quadrupole coupling, which is different from the
well-studied mechanism of electric quadrupole-induced helical
dichroism. We design artificial propeller meat-moleculars based
on nano-kirigami method to elaborate on this mechanism, show-
ing that helical dichroism can be remarkably enhanced and flex-
ibly manipulated by deformation of propeller meta-molecules or
slightly focused vortex beam to improve the orbital angular mo-
mentum number. The found mechanism and unique propeller
configuration could provide a new platform to investigate fasci-
nating chiroptical physics and manipulate the photonic orbital
angular momentum, paving the way for chiral vortex optical
devices.

4. Experimental Section
Numerical Simulations: The mechanical transformations of the 2D

precursors into the 3D propeller meta-molecules were implemented
by adopting a bilayer stress distribution model with finite element
method.[47] The optical reflectance spectra were simulated under lin-
early polarized vortex beam incidence that propagated along the −z-axis
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direction based on a commercial finite difference time-domain-based soft-
ware (Lumerical FDTD Solutions, Inc.). Perfectly matched layer bound-
aries were applied along the x-, y- and z-axis directions in the simulation.
The electric field of incident linearly polarized vortex beams in the polar
coordinate system is defined as follows,

El(r,𝜙) = C√|l|!
(

r
w0

)|l|
e
− r2

w2
0 eil𝜙 x̂ (4)

where C, w0, and l are the normalization constant, beam waist radius and
orbital angular momentum number of the vortex beam, respectively. The
incident wavelength is 𝜆 = 0.8 μm.

Sample Fabrications: The artificial propeller meta-molecules were fab-
ricated by using the nano-kirigami method based on Au/SiO2 substrate.
The SiO2 substrate allowed the 2D propeller precursor to maintain ideal
flatness before transforming into a 3D propeller meta-molecule. The nano-
kirigami method includes a two-dosage ion beam irradiation with focused
ion beam (FIB) facility (Helios G4 UC). The 2D precursors were first cut by
the FIB under high ion doses of 200 Cm−2 (30 kV, 40 pA). Then, the SiO2
substrate under the 2D propeller precursor was etched with HF solution.
Etch time was 25 min to fully suspend the 2D propeller precursor. The HF
solution was made by diluting 40% hydrofluoric acid and water in a ratio
of 1:4. After the wet-etching process, global ion beam irradiation was con-
ducted by frame-scanning the effective sample area with a relatively low
dose of 2–8 Cm−2.

Optical Characterizations: A mode-locked Ti:sapphire ultrafast oscilla-
tor (Chameleon Vision-S, Coherent, Inc.), which had a central wavelength
of 800 nm, a pulse width of 75 fs, and a repetition rate of 80 MHz, was
used as the light source. A phase-only reflective liquid-crystal SLM (Pluto
NIR-2, Holoeye Photonics AG) with 1920×1080 pixels was used to display
computer-generated holograms in the experiment. A general dry objec-
tive lens (NA = 0.8/0.9, Olympus) was used to focus the generated vor-
tex beams in the fabricated meta-molecules. The sample was mounted on
a 3D-piezo-nanostage (E545, Physik Instrumente) with nanoscale resolu-
tion and a 200 μm × 200 μm × 200 μm traveling range to precisely tune
the locations of nanostructures under optical microscopy. After position-
ing the single microstructure to the vortex beam axes, the reflected inten-
sity was caught by a CCD (MindVision HD-SUA133GM-T camera, image
area: 1280×1024 pixels) with the acquisition time of 30 ms. For a single
chiral meta-molecule, all optical images were gathered within 5 min for
calculating its reflection and HD spectra.
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