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Position-dependent plasmonic chirality of particles in tightly focused light field
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Plasmonic chirality garners considerable attention owing to its distinctive optical characteristics and wide-
ranging applications. Understanding the optical activity of single particles holds paramount significance for both
theoretical frameworks and experimental measurements of chirality. When probing the optical response of chiral
particles, high numerical aperture (NA) objectives, adept at concentrating light into exceedingly small regions,
are frequently employed. With escalating NA, the incident light no longer satisfies the paraxial approximation,
engendering electric field components perpendicular to the focal plane. However, this electric field component
is usually neglected in research. Here, we utilize angular spectrum theory to explore the optical response
and circular dichroism of single chiral nanoparticles subjected to tightly focused circularly polarized light.
Remarkably, we find that the electric field component perpendicular to the focal plane exhibits a pronounced
influence on chirality, potentially inducing a reversed circular dichroism response when the particle deviates
from the optical axis. Simultaneously, variations in the position of particles within the light field yield significant
discrepancies in higher-order modes, particularly electric quadrupole moments. Our findings hold profound
implications for the measurement and analysis of chiral particles, offering invaluable guidance for the future
investigations of chirality.
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I. INTRODUCTION

Optical chirality, the phenomenon where objects exhibit
disparate behaviors under left-circularly polarized light ver-
sus right-circularly polarized light, has garnered considerable
attention owing to its widespread occurrence in nature [1].
The interaction of light with chiral molecules engenders
captivating optical phenomena such as optical rotation and cir-
cular dichroism. However, natural chiral molecules typically
manifest exceedingly weak chiral responses, predominantly
confined to the ultraviolet spectrum, thereby constraining
accuracy of their detection. Recent advancements in nanofab-
rication technology have spurred intense interest in plasmonic
chirality, owing to its tunability over the optical spectral
range and great circular dichroism (CD). Numerous chiral
metamolecules have been proposed and demonstrated to have
chiral optical responses [2–5], which can be applied to ma-
nipulate the polarization state of light [6–8], detect chiral
molecules [9–15] based on superchiral fields [16,17], diag-
nose diseases [18,19], and other applications [20,21].

Accurate measurement and analysis of chiral meta-
molecules are imperative for realizing practical applications
of plasmonic chirality. The exploration of a single chiral
particle can reduce the deviation of measured results caused
by the average effect and the inhomogeneity of large-area
samples [22–24]. Consequently, exploring single particles is
crucial to elucidating the intrinsic mechanism of chirality,
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thereby facilitating the optimization of chiral metamaterial
design. When the particle size is larger than 1/20 of the wave-
length, the scattering effect has a non-negligible impact on the
CD response, showing obvious circular differential scattering
[25]. Therefore, single-particle spectroscopy techniques such
as dark-field microscopy, and supercontinuum white light
confocal microscopy [26], are widely used in single-particle
chirality measurements. In the above-mentioned spectral mea-
surement of a single chiral particle, it is inevitable to utilize
high-NA objectives or a dark-field condenser to concentrate
incident light into subwavelength regions, which naturally
generates a longitudinal electric field at its focus [27–29]. Al-
though this electric field component is small, it can still have a
discernible effect on the chiral signal when the nanoparticle is
off optical axis. Simultaneously, the light field focused by the
objective lens or condenser can exhibit elliptical polarization
off axis; the linear dichroism artifacts caused by the above
phenomenon are also of concern to researchers [30,31]. More-
over, the particles cannot always be guaranteed to be exactly
in the optical axis of the focus spot in optical experiments.
Therefore, although the chirality of a single particle under
weakly focused circularly polarized light has been explored
[24], there is still an urgent need to explore the position-
dependent chiral response of particles under tightly focused
circularly polarized light.

In this paper, we investigate the chiral optical response of
single plasmonic chiral particles in Fig. 1(a) excited by tightly
focused circularly polarized light derived from angular spec-
trum theory. Due to the distinctive electric field distribution of
the tightly focused light field [Fig. 1(b)], we found that when
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FIG. 1. Schematic diagram of a single chiral gold nanostructure
excited by a tightly focused beam. (a) Chiral particles excited by
the light field focused by the objective lens. (b) Annular distribution
of z-component electric field intensity of tightly focused circularly
polarized light.

the nanostructure is on the optical axis, its optical response
closely mirrors that observed under plane-wave excitation.
However, the off-axis chiral particle experiences a significant
influence from the electric field component perpendicular to
the focal plane, resulting in a notable difference in circular
dichroism and even inducing an opposite chiral signal. To
comprehensively explore this effect, a multipolar decompo-
sition is employed to delineate the optical scattering cross
section as well as the chiral signal. Experimentally, we also
measured the position dependence of a single chiral nanohe-
licoid in a tightly focused light field, which validated our
results well.

II. THEORY AND SIMULATION

Here, we follow the method of Richards and Wolf to calcu-
late the electric field of tightly focused light passing through
a lens by the Debye integral [28,29]. Consider a circularly
polarized plane wave propagating in the positive direction of
the z axis incident on an aplanatic objective (reference sphere)
with focal length f , where f is much larger than the incident
wavelength. As shown in Fig. 2, the field E near the focus
O is determined by the far-field E∞ on the reference sphere.
The reference sphere transforms the cylindrical coordinate
system (incident beam) to the spherical coordinate system
(focused beam). Thus we can express the angular spectrum

FIG. 2. Geometrical representation of incident light refracted by
lens system and coordinate definition. nρ and nφ are the unit vectors
of a cylindrical coordinate system, whereas nφ and nθ are the unit
vectors of a spherical coordinate system.

representation of the focal field as [27]

E(ρ, ϕ, z) = ik f

2π

∫ θNA

0

∫ 2π

0
E∞(θ, φ)e−ikzcosθ

× e−ikρ sin θ cos (φ−ϕ)sinθdφdθ, (1)

where k is the wave vector in the medium. θNA =
arcsin(NA/n) represents the maximum aperture angle, and n
is the refractive index of the surrounding medium.

Here, we use the time factor eiωt to facilitate the following
numerical calculations. The polarization of the incident light
can be represented by a matrix, Einc = [ 1 cpl 0 ], where
cpl = ±i represent different circular polarization states and
cpl = 0 represents linearly polarized light with x polarization.
For simplicity, we assume that the focusing objective lens
has a good antireflection coating so that we can ignore the
Fresnel transmission coefficient, then the far-field E∞ can be
expressed as

E∞ = E0

2

⎡
⎢⎢⎣

(cos θ − 1)(cos 2φ + cplsin2φ) + (1 + cosθ )

(cos θ − 1)(sin 2φ − cplcos2φ) + cpl(1 + cosθ )

−2sinθcosφ − 2cplsinθsinφ

⎤
⎥⎥⎦

×
√

cosθ. (2)

Substituting Eq. (2) into Eq. (1), we can get the Cartesian
vector components of the focus field near the focal point as

E(ρ, ϕ, z) =
⎡
⎣Ex

Ey

Ez

⎤
⎦

= ik f

2
E0

⎡
⎢⎢⎣

I0 + I2(cos 2ϕ + cplsin2ϕ)

cplI0 + I2(sin 2ϕ − cplcos2ϕ)

2iI1(cos ϕ + cplsinϕ)

⎤
⎥⎥⎦. (3)

Here, we use the following integral abbreviations for con-
venience:

I0 =
∫ θNA

0

√
cosθ (1 + cosθ )J0(kρsinθ )e−ikzcosθ sinθdθ,

(4a)

I1 =
∫ θNA

0

√
cosθsinθJ1(kρsinθ )e−ikzcosθ sinθdθ, (4b)

I2 =
∫ θNA

0

√
cosθ (1 − cosθ )J2(kρsinθ )e−ikzcosθ sinθdθ.

(4c)

Model simulations were performed with full-wave nu-
merical simulations by using the commercial finite element
method software package COMSOL. The scattering field
method in COMSOL is applied to calculate the optical re-
sponse of the chiral nanoparticles, and the background field
is given by the formula derived from the angular spectrum.
The plasmonic gold nanoparticle was placed in the air, and
the dielectric functions of gold and silver were obtained
from Ref. [32]. The simulations were run in the spectral
range between 500 and 1500 nm with a spectral step size of
10 nm, and the parameters of the structure and simulation
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FIG. 3. Focal field distribution at plane z = 0 nm for an incom-
ing circularly polarized light of wavelength 633 nm. (a) The total
energy density of the electric field; the red circles are the polarization
states at different positions in the light field. (b)–(d) the x, y, and z
components of the electric energy density; all the distributions are
normalized to the maximum value of Etotal. (e) The relative phase of
the electric field. (f) Normalized electric field components of tightly
focused circularly polarized light.

details can be found in Appendix A. The induced polarization
density was also extracted for the spectral multipolar decom-
position of the investigated structures [33,34].

III. RESULT AND DISCUSSION

Figure 3 shows the energy density of the focal field on
the plane z = 0 when the incident wavelength of 633 nm is
focused by an air-objective lens with a NA of 0.9. The distri-
bution of the focal field components presented here takes into
account the experiment conditions, such as the wavelength of
the beam, the NA of the lens, the focal length, etc. The high
NA of the objective leads to highly nonparaxial propagation of
the focused light field, so a full vector description is crucial.
The red circle in Fig. 3(a) is the polarization state on the z =
0 nm plane. It can be seen that when deviating from the focus,
the polarization state of the incident circularly polarized light
will be transformed into elliptically polarized light. A strong
longitudinal electric field component is formed off axis as
shown in Fig. 3(d); there is no longitudinal electric field at the
focus, and the transverse electric field (perpendicular to the
wave vector) is dominant. Since the spot radius of the focused
field increases with the incident wavelength, we define an
offset factor κ = x/λresonance to explore the dependence of the
optical activity of chiral metamolecules on their position in
the tightly focused field. Figure 3(f) shows the proportion
of the energy density of each electric field component in
the total energy density under different offset factors, and
the energy density of the light field at a higher numerical
aperture with a refractive index of 1.51 for the surrounding
medium is also included in Fig. 8 of Appendix A. When κ

= 0.3, the longitudinal energy density is maximum. When
κ = 0.7, the total electric field energy is weak, but the lon-
gitudinal energy density is much greater than the transverse
energy density.

For the numerical study, we choose gold helicoids [10,19],
a gold nanohelix [8,22], and silver nanorices dimers [35,36] to
explore the optical activity in the interaction of tightly focused

light fields with the chiral particles, where helicoids and the
helix correspond to intrinsic chirality, and the dimer corre-
sponds to extrinsic chirality. The nanohelix is illuminated by
a tightly focused circularly polarization light beam that prop-
agates along the positive z direction in air and is focused by a
lens of NA = 0.9. The generation of the longitudinal electric
field perpendicular to the focal plane in Fig. 3 will have a very
large impact on the excitation of chiral particles, especially
the measurement of single particles. As shown in Fig. 3(f),
when the particle is off axis, the z component of the electric
field will have an increasing impact on the particle, which is
of great concern to us. In order to facilitate the exploration of
the chirality at the electric dipole resonance, we select dipolar
resonance wavelength 1320 nm and substitute it into the offset
factor to explore the optical activity of the structure in a tightly
focused light field.

First, we present the spectra of the gold helicoids and
helix excited by tightly focused and plane-wave circularly
polarized light in air. Here, CD can be calculated as the
difference in absorption as CD = ALCP − ARCP, and circu-
lar differential scattering (CDS) [25] is known as CDS =
SLCP − SRCP. Experimentally, it is easier to measure the
scattering spectrum of a single particle than the absorption
spectrum, so in this study we mainly discuss the scatter-
ing differences of particles under the incidence of circularly
polarized light.

Figure 4 shows the scattering spectra of a single right-
handed nanohelix excited by circularly polarized plane waves
and tightly focused light. There are obvious resonances at
600, 760, and 1320 nm, corresponding to electric quadrupole
resonance (600 nm) and dipole resonances (760 and
1320 nm). From Figs. 4(a) and 4(b), we can see that when
the helix is at the focal point of the object plane of the ob-
jective lens, the scattering spectrum obtained by the tightly
focused excitation is almost the same as that excited by
the plane wave, except for a slight change in the inten-
sity of the high-order resonance. This is due to the fact
that the center of the focusing field is dominated by the
transverse electric field, and the longitudinal electric field
in the z direction is almost zero. Figures 4(c) and 4(d)
show the scattering spectra of the nanohelix at 300 and
400 nm out of focus in the x direction, where we can see
a clear chiral signal inversion at the resonance wavelength
1320 nm. An inverse chiral response is also found at the
higher-order resonance (550 nm). Through numerical calcu-
lations, we find that the position of the particles in the tightly
focused light field has a significant impact on the final ex-
perimental results. Next, we will analyze the reasons for the
inversion of chiral signals through multipolar decomposition.

Figure 5(a) shows that the resonances at 760 and 1320 nm
are both dominated by dipole resonance, and the higher-order
resonance at 550 nm is contributed by the electric dipole
and quadrupole moments. It can be seen from the Cartesian
component of the electric dipole moment in Fig. 5(b) that
although there is no electric field in the z direction under
plane-wave irradiation, the resonance at 1320 nm is dom-
inated by the z component of the electric dipole moment,
which can be attributed to its special geometry. When the helix
deviates from the center of the tightly focused light field, the
z-direction electric field of the tightly focused light field has a
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FIG. 4. Scattering spectra of nanohelix under excitation with plane waves and tightly focused light. (a) Scattering spectrum of nanohelix
under plane waves. (b–e) Scattering spectra of the helix at different locations in the tightly focused field. (f) CDS spectra of the helix at different
positions.

greater impact on the helix, and even causes chirality reversal
at 1320 and 550 nm [Figure 5(c)]. As shown in Fig. 5(d),
the y and z components of the electric dipole moment of the
helix in the tightly focused circularly polarized light field are
reversed, ultimately leading to the reversal of chirality at the
wavelength. The surface charge distributions in Figs. 5(e) and
5(f) also show that the charge appears to oscillate mainly in the
z direction at this resonance. When the nanohelix is irradiated
by plane waves, LCP stimulates a stronger z-direction electric
dipole moment; while under tightly focused incidence, RCP
stimulates a stronger z-direction electric dipole moment. Al-
though the light intensity far from the center of the light field
is much weaker than the center of the light field, resulting in
a weak surface charge distribution, chiral inversion still has a
non-negligible impact on actual measurements. In addition,
we also calculate the optical response of symmetric silver
heterodimers under excitation of the plane wave and tightly
focused light field in Fig. 9 of Appendix A. The dimer only
exhibits chiral response under titled excitation with a plane
wave, which is known as extrinsic chirality. However, with
tightly focused light, the dimer shows chiral response when
the optical axis is not tilted but the dimer is off optical axis.
As shown in Fig. 8, we find a clear difference between plane-
wave excitation and tightly focused light excitation when the
particle is off axis. The heterodimer at the focal position
does not exhibit a chiral response, but as the extrinsic chiral
structure is positioned further away from the focal point, its
chiral response increases with increasing offset. Higher-order
resonances are more easily excited under tightly focused light
fields and become increasingly stronger with increasing off-
set, thus exciting the higher-order chirality. This is because
after the incident light is focused by the objective lens, the

electric field component is deflected, exciting extrinsic chiral-
ity. The incidence of a tightly focused light field is equivalent
to the superposition of plane waves in the far-field region with
angles of incidence from 0 to θ . The particle is excited by
a symmetric electric field distribution at the focus, but the
off-axis electric field is no longer symmetric. The electric field
components of obliquely incident light can excite higher-order
resonances and generate extrinsic chirality.

IV. EXPERIMENT

Currently, most theoretical studies exploring plasmon
chirality perform calculations with plane-wave incidence.
However, the high-NA objectives are often utilized in actual
measurements, resulting in an underestimate of the CD of
structures that are easily excited in the longitudinal direction.
For the experimental demonstration of the proposed scheme,
we choose the chiral nanohelicoids to measure the position
dependence of its optical response. We synthesized chiral gold
nanohelicoids using the method in Appendix B and dropped
the dilute solution on an ITO quartz glass substrate. Next,
we measure the reflection spectra of chiral nanohelicoids at
different positions of a tightly focused circularly polarized
light field to explore the effect of position on the chiral re-
sponse. Our setup is schematically depicted in Fig. 6(a). First,
we prepare a continuous white-light laser beam in free space.
The beam is expanded by a beam expander composed of two
objective lenses, and then passes through a wide-spectrum
polarizing prism (GTH10M, Thorlabs), and broadband half-
wave (FR600HM, Thorlabs) and quarter-wave (FR600QM,
Thorlabs) fresnel rhomb retarders to generate and switch the
circular polarization state of the incident light. The expanded
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FIG. 5. Multipolar scattering spectra of a nanohelix under plane
waves and tightly focused circularly polarized light excitation.
(a) Scattering cross section of multipole moments under plane waves.
(b) The magnitude of the dipole moment component under plane
waves. (c), (d) Multipolar scattering of a nanohelix at 400 nm away
from the center of a tightly focused circularly polarized light field and
the magnitude of the dipole moment component. (e), (f) The surface
charge distribution of a nanohelix at the 1320 nm resonance under a
plane wave and tightly focused light field.

circularly polarized beam is focused by an immersion-type
microscope objective with a NA of 1.3. The field impinges
a sample consisting of chiral gold cubic nanoparticles (side
length approximately 100 nm) attached to a quartz glass sub-
strate (n = 1.51). Since oil can reduce the reflection of the
light beam shining on the glass interface, thereby reducing
the interference of reflected light on our measurements, we
use an immersion-type microscope objective to measure the
spectrum of particles. The position of the particles is precisely
controlled by a piezoelectric ceramic displacement platform.
Since both the particles and the light spot are very small, we
move the position of the particles with a step size of 50 nm, so
that the particles pass along the diameter of the light spot and
record the reflection spectra at different positions, as shown
in Fig. 6(b). In the experiment, we can observe that when the
particles are in different positions of the light spot, the color
of their scattering will change significantly. We measure the
reflectance spectra of a single nanohelicoid [Figure 6(c)] and
normalize them with the reflectance spectra of spots without
particles (there is still slight interfacial reflection despite oil
being applied).

Figures 6(d) and 6(e) show the reflection spectra of the
particle slowly sweeping across the light spot of different
circularly polarized light. The reflection spectrum changes
significantly with the movement of the nanohelicoids. As the
nanohelicoids pass through the focus of the light field, the

CDS also undergoes an obvious chirality reversal, as shown
in Fig. 6(f). We also performed numerical calculations of the
optical response of nanohelices in oil in a tightly focused light
circularly polarized field, as shown in Figs. 6(g)–6(i). It can
also be seen that as the nanohelicoid approaches the center of
the light field, its scattering cross section gradually increases,
reaching a maximum at the center. CDS will be reversed as
the particle moves through the center of the light field. Due
to the difference between the experimentally measured and
simulated structures [37,38], the simulated CDS is smaller
than the experimental one, but the chirality reversal in the sim-
ulation still verifies the correctness of our experiment. With
the simulations, we attribute the changes in CDS to the strong
focusing of the light field. The incident circularly polarized
light will be deflected after being focused by a high numerical
aperture objective lens, causing the light field that deviates
from the focus to become elliptically polarized light with a
longitudinal electric field component Ez [Figs. 3(a) and 3(d)].
As shown in Fig. 10 of Appendix A, the opposite electric field
components on the left and right sides of the focus will excite
different electric displacements of the chiral particle, resulting
in asymmetric chiral responses and chirality reversal on the
left and right sides of the focus. This is also probably the
reason that the CD spectra are not stable for the same particle
during serial measurements in a lot of experiments.

V. CONCLUSION

In this paper, we have investigated the position dependence
of the chiral response of chiral metamolecules under excita-
tion with tightly focused circularly polarized light. Utilizing
a chiral nanohelix and nanohelicoids that exhibit great CD,
we explored their optical activity at different positions in the
focused light field. When the nanoparticle is located at the
focal axis of a tightly focused light field, the chiral signal of
the dipole resonance is almost consistent with a plane wave
since the z-component electric field is nearly zero at the center.
The electric quadrupole resonance changes slightly, which is
attributed to the change of the electric field gradient under
tight focusing. When the particles are off axis, the electric field
in the z-axis direction induces the generation of an electric
dipole moment in the z direction. As the offset increases, the
opposite circular dichroism induced by the z component can
be obtained. We also describe the chiral response when extrin-
sic chiral structures are moved out of the optical axis. Chiral
responses of off-axis symmetric structures can also be excited
and are extremely pronounced at higher-order resonances.
To verify our results, we measured the reflection spectra of
the chiral nanohelicoids at different positions in a tightly fo-
cused circularly polarized light field. The reflection spectrum
of the nanohelicoids changes significantly as the position of
the particles passes through the focus of the light field, and
the CDS is also reversed. This phenomenon has rarely been
explored quantitatively before, but the measurement of single
chiral particles is extremely important. In conclusion, we have
theoretically and experimentally explored the optical activity
of chiral particles in tightly focused circularly polarized light
fields, which can provide a more accurate reference for the
measurement of chirality and the exploration of the mecha-
nism of chiral metamolecules.
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FIG. 6. Experimental measurements of single plasmonic nanohelicoids under tightly focused circularly polarized light excitation. (a) The
device for single-particle reflectance spectrum measurement. (b) Schematic diagram of particles passing through a tightly focused light spot.
(c) Scanning electron microscope image of chiral nanohelicoids. (d)–(f) Experimental reflection and CDS spectra of nanohelicoids at different
positions when passing through the light spot in steps of 50 nm. (g)–(i) Calculated scattering cross section and CDS spectra of nanohelicoids
at different positions.
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APPENDIX A: DETAILS AND SUPPORTING RESULTS
OF THE SIMULATION

The spectra of the chiral structures were calculated by the
commercial finite element software COMSOL. The scattering
field method in COMSOL is applied to calculate the optical
response of the chiral nanoparticles, and the background field
is given by Eq. (3) derived from the angular spectrum. The
plasmonic gold nanohelix and nanorices dimer was placed
in the air (n = 1), and the dielectric functions of gold and
silver were obtained from Ref. [32]. For comparison with

experiments, nanohelicoids were placed in oil (n = 1.51) for
calculations. The nanohelix was created by the geometry that
comes with COMSOL. The major radius is 60 nm, its minor
radius is 35 nm, and its axial radius and radial radius are 230
and 0 nm, respectively. The side length of the nanohelicoids
in Fig. 7(b) is 120 nm, the width of the incision is 18 nm,
and the depth is 37 nm. The larger nanorice in Fig. 7(c) has a
major axis radius of 140 nm and a minor axis of 33 nm, and
the smaller nanorice has a major axis radius of 95 nm and a
minor axis of 21 nm. All meshes in the simulation are smaller
than one-sixth of the incident wavelength (500 nm).

The wavelength-dependent scattering spectrum was ob-
tained by dividing the scattering power by the light intensity:
σscat = Pscat/I0, where Pscat is the scattering power integrated
by the Poynting vector on the inner interface of a perfectly
matched layer (PML), and the I0 = n

2Z0
|Einc|2 is the incident

electric field intensity. Compared with the case of plane-wave
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FIG. 7. Schematic illustration of simulated structures such as
nanohelix, nanohelicoids, and nanorices dimer. The Cartesian coor-
dinates of the system are shown in the inset.

incidence, the electric field intensity in the tightly focused
light field exhibits a Gaussian distribution (Fig. 8). Moreover,
the increase in the wavelength of incident light causes the di-
ameter of the focused spot to gradually increase, accompanied
by a change in intensity distribution. Typically, Einc is the
incident electric field at the center of mass of the structure.
Therefore, in simulations of nanohelix and nanorice dimers,
we normalize the scattering power by the electric field at the
center of mass of the particle to obtain the scattering cross
section. However, in the experiment, we can only measure
the spectrum of the entire light spot but cannot measure the
spectrum of the electric field where the particles are located. In
order to compare with the experiment, we averaged the |Einc|2

on the plane of z = 0 nm and then substituted it into I0 in the
simulation of nanohelicoids. To be consistent with the exper-
imental conditions, the scattered power Pscat of nanohelicoids
is obtained by integrating over a semicircle corresponding to
the numerical aperture 1.3. In addition, we have presented the
scattering and CDS spectra of the silver dimer, along with the
corresponding electric field vectors and Poynting vectors for
tightly focused circularly polarized light, see Figs. 9 and 10.

APPENDIX B: SYNTHESIS OF NANOHELICOIDS

The chiral nanoparticles were prepared by a two-step
seeded growth method proposed by Lee et al. [37,39]. Firstly,
Au seeds were prepared by the rapid reduction of Au3+ in
the solution. We mixed 7.5 ml of cetyltrimethylammonium
bromide (CTAB, 100 mM) and 0.25 ml of HAuCl4 (10 mM)
aqueous solutions, and then rapidly injected 0.8 ml of NaBH4

(10 mM). The solution instantly changed to brown, indicting
the generation of small Au seeds. The solution containing
Au seeds was kept at 30 °C for 3 h, and diluted (1:10) in
de-ionized water.

The first-step seeded growth that generates Au nanocubes
proceeded via successively injecting 1.6 ml of CTAB
(100 mM), 0.2 ml of HAuCl4 (10 mM), and 0.95 ml of
L-ascorbic acid (AA, 100 mM) aqueous solutions, and 5 µl
diluted seeds into 8 ml de-ionized water. After thoroughly
mixing the solution, Au nanocubes grew in the following 15
min without disturbing the solution. The Au nanocubes were
washed twice and redispersed in CTAB (1 mM) solution.

The second-step growth uses the Au nanocubes as the
seeds to synthesize the chiral nanoparticles. The growth
solution was prepared by adding 0.8 ml of CTAB (100 mM)

FIG. 8. Electric energy density of circularly polarized light focused by objective lenses with different numerical apertures. (a)–(e)
Normalized electric field components of tightly focused circularly polarized light with different NA. (f) The trend of the maximum value
of |Ez|2 and its peak position with NA.
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FIG. 9. Scattering and CDS spectra of silver heterodimers ex-
cited by tightly focused circularly polarized light. (a) Schematic
structural diagram of silver heterodimer. (b), (c) Scattering of silver
heterodimers at different offset positions in tightly focused circularly
polarized light fields. (d) CDS of silver heterodimers at different
offsets. The insets in (b), (c) are the surface charge distributions of
the heterodimer at the resonance wavelength.

FIG. 10. Schematic of the electric field vector (a)–(c) and Poynt-
ing vector (d)–(f) for circularly polarized light tightly focused on the
plane z = 0 nm.

and 0.1 ml of HAuCl4 (10 mM) aqueous solutions into 3.95
ml de-ionized water, followed by a rapid injection of 0.475
ml AA (100 mM) aqueous solution. To initiate the growth,
10 µl of L-cysteine hydrochloride monohydrate aqueous so-
lution and 50 µl of Au nanocube seeds were successively
injected into the growth solution. During the 1 h growth at
30 °C, the solution gradually turned from pink to blue, indicat-
ing the formation of larger particles with stronger scattering.
The resultant nanoparticles were washed twice, and then were
redispersed in CTAB (1 mM) solution.

APPENDIX C: MULTIPOLAR DECOMPOSITION

The induced polarization density Pω calculated by COMSOL

is extracted to determine the spectral multipolar response [40].

pα = −
{∫

d3r Pω
α j0(kr) + k2

2

∫
d3r

[
3(r · Pω )rα

−r2Pω
α

] j2(kr)

(kr)2

}
, (C1)

mα = 3iω

2

∫
d3r (r × Pω )α

j1(kr)

kr
, (C2)

Qe
αβ = − 3

{∫
d3r

[
3
(
rβPω

α + rαPω
β

) − 2(r · Pω )δαβ

] j1(kr)

kr

+ 2k2
∫

d3r [5rαrβ (r · Pω ) − (rαPβ + rβPα )r2

− r2(r · Pω )δαβ]
j3(kr)

(kr)3

}
, (C3)

Qm
αβ = 15iω

∫
d3r

{
rα (r × Pω )β + rβ (r × Pω )α

} j2(kr)

(kr)2 ,

(C4)

where p, m, and Q are the electric dipole and magnetic
dipole moment, electric quadrupole, and magnetic quadrupole

FIG. 11. Experimental measurements of single plasmonic
nanohelicoids under tightly focused circularly polarized light
excitation.
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moment. The subscripts α, β = x, y, z represent the coordi-
nate components of the multipole moment. r = (x, y, z), k is
the wave vector of the incident light, and the contribution of
the multipole moment to the total scattering cross section can
be easily obtained.

Cscat = Cp
scat + Cm

scat + CQe

scat + CQm

scat + · · ·

= k4

6πε2
0 | Einc|2

[∑
α

(
| pα|2 + | mα|2

c

)

+ 1

120

∑
αβ

(
| kQe

αβ |2 +
∣∣∣∣kQm

αβ

c

∣∣∣∣
2
)

+ · · ·
⎤
⎦. (C5)

APPENDIX D: REPLICATION OF EXPERIMENTS

We also measured the scattering spectra of multiple parti-
cles. The experimental data showed that the experiment was
reproducible and the main conclusions were valid (Fig. 11).
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