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Abstract

Optical activity in chiral structures, i.e, circular dichroism (CD), has led to significant advances in nanoscale optical
manipulation, including chiral metasurfaces, helicoid crystals, and chiral macromolecules. Although the local
geometric design of chiral structures fundamentally governs their optical responses, the microscopic origin of CD
remains unresolved due to the inability to probe optical chirality generation and local geometry effects with sufficient
spatiotemporal resolution. Here, we unveil the light transformation process in a l-shaped chiral metasurface by
combining far-field ellipticity measurements with direct near-field imaging at nanometer-femtosecond scale using
photon-induced near-field electron microscopy (PINEM). By decomposing the near-field distributions into local
symmetric and asymmetric components, we define a near-field ellipticity that quantitatively follows the wavelength-
dependent far-field ellipticity. Finite-element simulations reveal that an electric dipole at the top-right corner of the I'-
shaped meta-atom dominates the ellipticity, which increases as the dipole contribution grows with wavelength.
Crucially, time-resolved PINEM reveals that asymmetric near-fields dissipate faster than the symmetric counterparts by
tens to hundreds of femtoseconds, indicating chiral-geometry-dependent energy dissipation pathways. This work
provides microscopic insight into light transformation in chiral structures and lays the foundation for advanced chiral
photonic device design.

Introduction

Chirality, the property of an object being non-
superimposable onto its mirror image through transla-
tions or rotations' >, manifests profound implications
across optical devices® ', biosensing'"'?, and quantum
optics'®. While intrinsic chirality in natural materials is
typically weak, recent breakthroughs have demonstrated'
that resonant chiral metasurfaces with geometrically
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engineered asymmetric metamolecules (e.g., L-, G-, and
U-shaped architectures'*""”) can dramatically amplify
chiral light-matter interactions. To evaluate the chirality
of a metasurface, circular dichroism (CD) that reflects
electromagnetic chirality is usually employed, which
mainly relies on differential interactions between chiral
meta-atoms and electromagnetic fields of opposite
handedness and is typically quantified by measuring the
absorption differences between left- and right-circularly
polarized (LCP and RCP) light within a chiral medium'®
or by detecting ellipticity changes of transmission light™"°.
Therefore, understanding the microscopic mechanism of
how nanoscale geometric chirality governs these interac-
tions and the light chirality is pivotal for optimizing chiral
metasurface design and enabling multifunctional
applications.
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Recent advances in chiral metasurfaces have primarily
focused on far-field characterizations, such as transmis-
sion/reflection spectroscopy’””', which typically detect
far-field light to quantify the overall CD of chiral struc-
tures. However, the spatial resolution of these techniques
is fundamentally constrained by the inherent diffraction
limit, hindering their ability to resolve the influence of
meta-atom geometry on the CD of the chiral meta-
surfaces. The emerging near-field optical probing tech-
niques, such as cathodoluminescence”>*’, scanning near-
field optical microscopy’”, photoemission electron
microscopy””’, near-field optical microscopy’®, and
photon-induced  near-field  electron  microscopy
(PINEM)*"**, have effectively overcome this limitation.
Among these, PINEM stands out as a novel approach that
integrates pump—probe techniques with transmission
electron microscopy (TEM), utilizing ultrafast electron
pulses as a probe to characterize time-varying electro-
magnetic fields at a high spatiotemporal resolution”~°,
These techniques enable subwavelength-scale investiga-
tion of chiral metasurfaces, significantly advancing the
characterization of chiral nanostructures by providing
detailed insights into near-field distributions. Never-
theless, previous studies have predominantly focused on
the near-field behavior of assembled chiral meta-atoms,
overlooking the critical contributions of the local geo-
metric features. Consequently, the role of localized near-
field asymmetry of chiral meta-atoms in modulating
light's chirality remains elusive, and the correlation
between the localized near-field and the CD of chiral
metasurfaces remains unexplored.

Here, we address this gap via direct imaging of local
near-field distribution in individual meta-atoms within
chiral metasurfaces using PINEM at nanometer-
femtosecond spatiotemporal resolution within a home-
built four-dimensional ultrafast electron microscopy
(4D UEM) system. By quantifying the chirality of the near-
field distribution at a single meta-atom level, we establish
a direct correlation between the local asymmetric near-
field distribution and the CD in a typical chiral metasur-
face composed of a I'-shaped meta-atom array. Our
PINEM imaging reveals that the I'-shaped meta-atoms in
the chiral metasurface exhibit a novel asymmetric near-
field distribution, in sharp contrast to the symmetric near-
field distribution of rectangular meta-atoms in achiral
metasurfaces. The wavelength-dependent ellipticity of the
asymmetric near-field closely follows the wavelength-
dependent ellipticity angle of the far-field. Finite-element
simulations demonstrate that the unique asymmetric
near-field distribution in the I'-shaped meta-atoms is
induced by the formation of an electric quadrupole mode
under horizontally polarized light illumination, elucidat-
ing how the local geometry of the chiral meta-atoms
determines the near-field distribution across different
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wavelengths. Furthermore, within the I'-shaped meta-
atoms, the geometric chirality induced asymmetric near-
fields exhibit faster decay dynamics than the symmetric
ones aligned along the incident laser polarization, result-
ing in different free electron—photon coupling processes.
These findings establish causality between the micro-
scopic geometry chirality and the macroscopic CD
response, providing new insights into the light-matter
interactions in chiral structures and paving the way for
predictive design of photonic systems for versatile appli-
cations, such as biosensing®®, optical devices’”*®, and
polarization control®”.

Results
Characterization of near-field and far-field chirality of
chiral metasurface

As electromagnetic waves transition from the near-field
to the far-field in chiral structures, they evolve from a
strong localized non-radiative regime to a propagating
radiative field"’, as schematically illustrated in Fig. 1b. To
investigate the relationship between the near-field dis-
tribution and the far-field chirality, we performed mea-
surements on both far-field and near-field characteristics
of the same chiral metasurface sample. The near-field
measurements were conducted using PINEM imaging in a
home-built 4D UEM based on a field-emitter transmis-
sion electron microscope (TEM) (see Fig. la). The
mechanisms of 4D UEM and PINEM have been described
elsewhere®®*17%¢, Briefly, a femtosecond (fs) laser beam is
split into two components: one is used to pump a non-
collinear optical parametric amplifier (NOPA) to generate
wavelength-tunable 30 fs pulse (680-830 nm) for sample
excitation, while the other one is used to pump another
NOPA to generate 30 fs UV (300 nm) pulse for producing
fs electron pulses as probe. The time delay between the
pump and probe pulses is controlled by an optical delay
stage. With an electron energy filter in the 4D UEM,
PINEM imaging can be performed in both TEM and
scanning transmission electron microscope (STEM)
modes, enabling direct imaging of optical near-field dis-
tribution in real space and time (see Fig. 1d, “Materials
and methods”, Supplementary Note 1 and Fig. S1). For the
far-field characterization, we utilized a high-precision
polarimeter consisting of a rotating superachromatic
quarter-wave plate (WP) and a Glan—Taylor (GT) calcite
polarizer'”, as schematically shown in Fig. lc. When
horizontally polarized light passes perpendicularly
through the chiral metasurface, the variations in ellipticity
angle (y) and polarization azimuth rotation (8) of the
transmitted light are recorded by the polarimeter (see
Fig. le, “Materials and methods”). Combining these two
techniques, we can establish a direct correlation between
the local near-field distribution and the far-field polar-
ization characteristics (Fig. 1d, e).
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Fig. 1 Near- and far-field measurements of a chiral metasurface. a Schematic diagram of 4D UEM with PINEM imaging capability for near-field
measurement with high spatiotemporal resolution. b Schematic illustration for the near-field (electromagnetic field within a distance less than A) and
far-field (electromagnetic field with a distance much greater than A) evolutions of a chiral metasurface under light illumination. ¢ Schematic diagram
of a polarimeter used for measuring the polarization azimuth rotation (6) and the ellipticity angle (x) of a chiral metasurface. d Schematic of the near-
field distributions in a I-shaped chiral meta-atom at excitation wavelengths of 710, 750, and 810 nm. e Measured polarization states of different
output light (710-810 nm) represented on the Poincaré sphere. UV means ultraviolet, and Vis-NIR means visible-near infrared
.

To better establish a direct correlation between the local
near-field distribution and the CD of the chiral metasur-
face, we systematically investigated the near-field and far-
field characteristics of both chiral (composed of chiral I'-
shaped meta-atoms) and achiral (composed of achiral
rectangular meta-atoms) metasurfaces with identical
dimensions for comparison (Fig. 2a). The samples were
fabricated via focused ion beam (FIB) milling through an
80-nm-thick gold film deposited on a 30-nm-thick SizN,
substrate. The metamolecules of the chiral metasurface
were intentionally designed in a “I” shape, with the
asymmetry stemming exclusively from a distinct mod-
ification in the top-right corner compared to the achiral
counterpart (Fig. 2a). Both metasurfaces consisted of
64x64 arrays of metamolecules with identical periodicity
on the same film (Fig. S2). It has been demonstrated that
such a I'-shaped chiral metasurface transforms horizon-
tally polarized light into elliptically polarized light'**’, as
schematically shown in Fig. S3. As shown in the inset of
Fig. 2b, the far-field ellipticity angle (y) of this chiral
metasurface is below —3° and displays a continuous

decrease to —16° from 730 to 830nm, indicating a
remarkable wavelength-dependent left-handed polariza-
tion change of the transmitted light. In contrast, the
ellipticity angle of the achiral metasurface remains around
zero and exhibits negligible variation in the wavelength
range of 680-830 nm, implying that the transmitted light
undergoes no polarization change. Similarly, the polar-
ization azimuth rotation angle (6) of the chiral metasur-
face exhibits a strong wavelength dependence, reaching
around 10°, while that of the achiral metasurface shows no
visible wavelength dependence, remaining around 0°
(Fig. 2c). These results unambiguously demonstrate that
the chiral metasurface can significantly alter the ellipticity
and polarization state of the transmitted light, implying
selective absorption of a specific circular polarization
component of the incident light. For the studied chiral
metasurface in this work, it has a larger absorption of the
RCP component than the LCP component under hor-
izontally polarized light illumination (Fig. 2b).

We then turn to near-field characterization of the
metasurfaces by PINEM imaging. Figure 2d shows two
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Fig. 2 Far-field and near-field characteristics of achiral and chiral metasurfaces. a Typical scanning electron microscopy images of an achiral
(top panel) and chiral (bottom panel) Au metasurfaces. b Wavelength-dependent changes of ellipticity € of the transmitted light for the chiral
metasurfaces under horizontally polarized light illumination (680-830 nm). Inset: Ellipticity angle (x) for chiral and achiral metasurfaces. Error bars
represent standard deviations from three independent measurements. ¢ Wavelength-dependent changes of polarization azimuth rotation 6 of the
transmitted light for the chiral and achiral metasurfaces, respectively, under horizontally polarized light illumination (680-830 nm). d Electron energy
spectra (including energy gain (EEGS) and loss (EELS)) at t =0 fs and t = —1 ps obtained from a single meta-atom of the chiral metasurface under
830 nm fs laser excitation. e PINEM imaging results of the near-field distributions (t =0fs) in a single meta-atom of the achiral (top panel) and chiral
(bottom panel) metasurfaces under fs laser excitation with different wavelengths. The PINEM images were obtained by selecting electrons at the
energy gain side, as indicated by the red-dashed rectangle in (d). f Schematic diagram illustrating the local symmetric and asymmetric near-field

components within a chiral meta-atom

electron spectra of a single meta-atom in the chiral
metasurface under fs laser excitation at 830 nm, where the
spectrum at ¢= —1ps represents the probe electrons
without interaction with the near-field, while the spec-
trum at £=0fs corresponds to the electron packet at its
maximum interaction with the near-field. Electrons that
gained energy at t=0 fs spectrum were utilized for
PINEM imaging to map the near-field distribution. For
the rectangular meta-atom in achiral metasurface, its
near-field distribution is symmetric and aligns perpendi-
cular to the polarization direction of the incident light,
with negligible wavelength dependence in the near-field
distribution (top panel of Figs. 2e and S4a). In contrast, for
the I'-shaped meta-atom in the chiral metasurface, the
structural chirality induces near-field distortion, giving
rise to a component deviating from the original polar-
ization direction. This results in a pronounced asym-
metric near-field distribution nearly parallel to the
incident polarization at the top region (Figs. 2e and S4b),
which we term the local asymmetric near-field. Notably,
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similar to the pronounced wavelength dependence
observed in the far-field ellipticity, the asymmetric near-
field distribution also demonstrates significant wavelength
sensitivity, particularly within the 730-830 nm wave-
length range. Specifically, the local near-field distribution
extends from right to left in the top region as the wave-
length increases. This observation suggests a strong cor-
relation between the near-field and far-field behaviors of
the chiral metasurface.

The chirality of the transmitted light is determined by
both its ellipticity angle y and polarization azimuth angle
0 (Fig. 1e). Since the 6 induced by the chiral metasurface
is relatively small, approximately 8—10° in Fig. 2c, distin-
guishing its effect on the near-field distribution is chal-
lenging (Fig. S5). Moreover, the azimuth rotation
primarily corresponds to a global rotation of the main
optical axis, unlike the local asymmetric extension
observed in the near-field. Therefore, the significant
change of the local near-field distribution within the
wavelength range between 730-830nm is primarily
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attributed to the ellipticity variation. To quantitatively
analyze their correlation, we introduce an ellipticity (¢')
for the near-field, defined as &' = I,/I;x m, to quantify its
chirality. Here, I, represents the integral intensity of the
local asymmetric near-fields (indicated by the red-dashed
box in Fig. 2f), and I, is the integral intensity of the local
symmetric near-fields (indicated by the blue dashed boxes
in Fig. 2f). The parameter m characterizes the overall
distribution rotation direction of the near-field, where
m = —1 indicating a counterclockwise rotation and m =1
representing a clockwise rotation. The counterclockwise
and clockwise rotations of the near-field are defined by
referring to the distortion directions (indicated by the
dashed arrows in Fig. S6c) of the near-field distribution in
the achiral rectangular meta-atom under elliptically
polarized light illumination with left-handed and right-
handed chirality, respectively. The bottom panel of Fig. 2e
shows that under the horizontally polarized light illumi-
nation, the near-field of the I'-shaped meta-atom exhibits
a counterclockwise rotation, i.e, m=—1. The detailed
definition and derivation of the near-field ellipticity (¢')
are provided in Supplementary note 2. As shown in
Fig. 2b, the calculated € of the near-field aligns well with
the far-field ellipticity ¢ over the wavelength range of
680-830 nm, indicating that the emergence of asym-
metric near-fields in the chiral metasurface directly cor-
relates with the CD of the far-field light. This correlation
between near-field ellipticity (¢') and far-field ellipticity (¢)
was further confirmed in a 100-nm-thick gold I'-shaped
metasurface (Fig. S9) and a 100-nm-thick gold L-shaped
metasurface (Fig. S10), verifying the universality of the
relationship across different geometric configurations.
The wavelength-dependent ellipticity of the asymmetric
near-field retrieved from Figs. 2e and S4b directly mirrors
the far-field CD (Fig. 2b), confirming that the macroscopic
optical activity originates from the localized geometric
asymmetry. Notice that all analyzed meta-atoms were
selected from the central region of the 64x64 metasurface
arrays to minimize edge effects.

Origin of the asymmetric near-field and mechanism behind
the ellipticity change for the chiral metasurface

To elucidate the origin of the asymmetric near-field
distribution and reveal the underlying mechanism for the
observed changes in light ellipticity, we performed finite-
element electromagnetic simulations based on the actual
geometry of the metasurfaces (see “Materials and meth-
ods”). The simulated transmission ratio and ellipticity
angle y match well with the experimental results
(Fig. S11), confirming the validity of our simulations. On
this basis, we further investigated the main factors that
influence the near-field ellipticity in the chiral metasur-
face. As shown in Fig. 3a, the near-field intensity of the
chiral and achiral metasurfaces exhibits a pronounced
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plasmonic resonance peak in the wavelength range of
680-720 nm, while their ellipticity degree in this wave-
length range remains relatively small (Fig. 2b), suggesting
that these strong near-fields have little effect on the
ellipticity. In contrast, for wavelengths between 790 and
830 nm, the chiral I'-shaped meta-atoms exhibit stronger
near-fields than the achiral rectangular meta-atoms
(Fig. 3a), particularly due to the enhanced asymmetric
near-field at the top of the I'-shaped meta-atom. Our
results demonstrate that the near-field ellipticity is
determined by the relative contribution of the asymmetric
component, rather than the overall near-field intensity.
Analysis of the surface charge (Fig. 3b) reveals that while
the left-side integrated charge shows a similar decreasing
trend beyond 700 nm for both chiral and achiral struc-
tures, the corner surface charge in the chiral meta-atom
exhibits a subtle increase with the wavelength. Conse-
quently, the proportion of corner surface charge relative
to the total surface charge gradually grows (inset of
Fig. 3b), leading to an increasingly dominant influence on
the overall near-field distribution. Thus, when the plas-
monic resonance peak and the corner-localized resonance
peak are spectrally well separated, the near-field ellipticity
of the chiral metasurface is primarily governed by the
asymmetric feature at the top-right corner of the
I'-shaped meta-atom.

We further analyzed the near-field distributions
(experimental results in Fig. 3¢, f; simulated results in
Fig. 3d, g) and the corresponding charge distributions
(Fig. 3e, h) in the chiral and achiral meta-atoms under
horizontally polarized light illumination at three typical
wavelengths: 680 nm, 700nm, and 810nm. For both
chiral and achiral metasurfaces, the simulated near-field
distributions agree well with the experimental results,
providing a solid basis for analyzing their microscopic
charge distributions. For the rectangular meta-atom of the
achiral metasurface, the charge distribution exhibits a
simple dipole mode (Fig. 3h), which shows little variation
with the illumination wavelength. In contrast, the
I'-shaped meta-atom of the chiral metasurface exhibits an
asymmetric quadrupole electric field distribution due to
the emergence of a small dipole distribution at the top-
right corner. This quadrupole electric field distribution
can be divided into two parts: (1) the region “I,” indicated
by the red-dashed rectangle at the top of the I'-shaped
meta-atom (top panel of Fig. 3e), which is strongly
influenced by the asymmetric top-right corner; and (2)
region “I,” outlined by the blue dashed rectangle at the
bottom of the I'-shaped meta-atom (top panel of Fig. 3e),
which resembles the dipole distribution in the rectangular
meta-atom of the achiral metasurface. In the 680—720 nm
wavelength range, region “II” dominates the light
absorption, causing the near-field of the chiral I'-shaped
meta-atom to exhibit a dipole-like distribution (Fig. 3c, f).

Light Sci Appl | 2026 | Vol 15 | Issue 3 | 797 LSA



Tong et al. Light: Science & Applications (2026)15:70

Page 6 of 11

a

015 - 11 & 4
—_ |
E; 2-8-8
s 5 ™
> 010 | =N -
3 B3
2 [ Chiral (Exp.)
f=
- 005 - [~ Achiral (Exp.) | .
2 1o0F - ' L—
T ,// \\\\
© / \\\
2 05 F iy 4

~— Chiral (Sim.) S~ e
IAchiral (Sim.) |
700 750 800

Wavelength (nm)

700 nm

E

Surface change (Q) (a.u.)

Fig. 3 Finite-element electromagnetic wave simulation for the chiral and achiral metasurfaces. a Top: Integral near-field intensity of the chiral
and achiral metasurfaces measured under horizontally polarized light illumination with wavelength spanning from 680 to 830 nm. Error bars
represent standard deviations from five independent measurements. Bottom: Corresponding simulated integral electric field intensity of the chiral
and achiral metasurfaces. b Wavelength-dependent surface charge variations in the local regions of the chiral and achiral meta-atoms under
horizontal polarization excitation. Left inset: Wavelength-dependent ratio of corner surface charge to the total surface charge in the chiral structure.
Right inset: Schematic of the selected regions in the meta-atoms. ¢, f Measured near-field distributions of chiral and achiral meta-atoms at three
typical wavelengths of 680 nm, 700 nm, and 810 nm. d, g Simulated electric field (£,) distributions for the chiral and achiral meta-atoms, respectively.
e, h Corresponding simulated charge distributions for the chiral and achiral meta-atoms, respectively. The charge distributions (o, surface charge
density, color maps) were retrieved from the top surface of the metasurface

10—\
Y Achiral (left)
N Chiral (left)
'*\ —— Chiral (corner)
05 - \
10 & S
i = C t 7
0.0 05 3 orner pair
s 1 il
ey 1 “Ih
00 2 1 1
700 750 800 = =
Wavelength (nm) Left part  Left part
-0.5 L 1 i
700 750 800

Wavelength (nm)

h

As the wavelength increases to 730—-830 nm, the relative
contribution of the corner dipole rises (inset of Fig. 3b),
amplifying the field intensity in region “I” and resulting in
a distinct “n”-shaped near-field distribution at 810 nm
(bottom panel of Fig. 3c).

Temporal behavior of the asymmetric near-field
distribution in the chiral metasurface

Previous studies on near-field dynamics of metasurfaces
have mainly focused on ensemble achiral structures™®,
leaving the critical local interactions, especially in chiral
metasurfaces, largely unexplored. Here, we employed
PINEM measurements in STEM mode to investigate the
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interaction between free electrons and localized near-
fields with high spatiotemporal resolution, as schemati-
cally illustrated in Fig. 4a. Typically, the interaction
between free electrons and near-field generates electron
energy sidebands on both sides of the electron energy
spectrum separated from the initial energy E, by integer
multiples of the photon energy nhw (n is an integer
number, indicating the photon order)*"**, Each sideband
corresponds to the absorption (energy gain) or emission
(energy loss) of an integer number of the incident pho-
tons, and the interaction strength is encoded in the
number of populated sidebands and their individual
amplitudes. In this scenario, each electron is dressed into
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an infinite quantum energy ladder equally spaced by the
incident photon energy Zw (Fig. 4b). Generally, there are
two types of interaction processes between the free elec-
trons and the localized near-fields, namely, type I and type
II processes (denoted in Fig. 4b)*>. Type I process is
characterized by sequential multilevel excitations, leading
to a partial reduction in the initial electronic state popu-
lation and spectral broadening, with the sideband inten-
sity distribution monotonously decaying toward higher
photon orders; while type II process is dominated by
multipath interference, resulting in multilevel Rabi oscil-
lations*’. We found that the spectrum collected from the
P1 position of the chiral meta-atom (indicated in the
bottom panel of Fig. 4c) shows the typical feature of the
type I interaction process (Fig. 4e), whereas the spectra
collected from the P2’ and P3’ positions (indicated in the
top panel of Fig. 4c) of the achiral meta-atom (Fig. 4d), as
well as from the P3 position (indicated in the bottom
panel of Fig. 4c) of the chiral meta-atom (right panel of
Fig. 4e) exhibit the type II interaction process. More
interestingly, the optical phase modulation of the free
electrons by the near-field at the P2 position (indicated in
the bottom panel of Fig. 4c) exhibits a combination of
type I and II interaction behaviors. The distinct interac-
tion behaviors among the P1, P2, and P3 positions of the
chiral meta-atom indicate that, unlike the symmetric
structures (e.g., photonic crystals’® and achiral meta-
atoms), the interaction between free electrons and near-
field within the chiral meta-atom exhibits gigantic spatial
diversity due to the asymmetric local geometry. Note that
this intriguing phenomenon is also related to the distinct
dissipation dynamics of the localized near-fields at dif-
ferent positions, as further discussed in the following.

Figure 4f displays the PINEM energy gain images
obtained at time zero by selecting electrons at energy
states of 0 iw, +2 how, +4 ho, ...... , and +12 hw for the
achiral (top panel) and chiral (bottom panel) meta-atoms
at 830 nm excitation with a fluence of 14.6 mJ cm 2. The
chiral meta-atom supports interactions up to +12 pho-
tons (+12 /w), exceeding the achiral structure’s limit of
+10 photons (+10 %w), implying that the chiral nanos-
tructure possesses a broader spectrum and enhanced
photon capacity.

It has been reported that beyond phase-matching con-
ditions, the electron—photon coupling strength also
depends on the decay process of the near-fields®**. For
example, in photonic cavities, high-Q modes sustain
longer interaction times than low-Q modes, with the
maximal interaction time-point being delayed by ~200 fs
due to the time-dependent accumulation of optical energy
within the cavity’”. Figure 4d, e (bottom panels) show the
time-dependent evolution of the electron energy spectra.
Integration of specific energy-gain peaks allows extraction
of the maximal interaction time (corresponding to the

Page 7 of 11

peak position on the time axis) and the temporal con-
volution (full width at half maximum (FWHM)) between
the electron pulse and the optical near-field (Materials
and methods). Since the near-field changes induced by
absorbing higher-order photons are more sensitive to
capturing the maximum interaction time-point compared
to multiple orders, we further collected PINEM energy
gain images by selecting electrons with +6 w energy gain
to further reveal the specific maximal interaction time
points of the three positions (Fig. 4h). As shown by the
time-dependent probabilities of interaction intensity in
Fig. 4g, the maximum interaction times of the symmetric
near-fields at the P2 and P3 positions exhibit a time shifts
of about +50 fs and +150 fs, respectively, relative to that
of the asymmetric near-field at P1 position. This temporal
disparity indicates a faster dissipation of the asymmetric
near-field at the P1 position than the symmetric fields at
the P2 and P3 positions. Under vertically polarized
830nm fs laser excitation, the asymmetric near-fields
deviating from the laser’s original polarization also dis-
sipate faster than the symmetric ones (see Fig. S12). The
faster dissipation of the localized asymmetric near-fields,
primarily governed by structural chirality in the chiral
meta-atom, results in the dramatic spatial diversity in the
interaction process between free electrons and localized
near-fields (type I or type II process), providing significant
new insights into the nanoscale ultrafast light manipula-
tion with chiral metasurfaces.

Discussion

In this study, we have systematically investigated the
light transformation dynamics in chiral metasurfaces at
the femtosecond—nanometer scale by PINEM imaging.
Under horizontally polarized light illumination within the
730-830 nm wavelength range, the top-right corner of the
I'-shaped meta-atom in the chiral metasurface introduces
a localized asymmetric near-field, exhibiting a spatial
distribution that gradually extends from right to left
across the top region with increasing excitation wave-
length. Through quantitative analysis, we established a
direct correlation between the near-field ellipticity (¢')
and the far-field ellipticity (g), revealing that the macro-
scopic CD originates from the asymmetric near-field
induced by the geometric asymmetry of individual meta-
atoms. Finite-element simulations further demonstrate
that the wavelength-dependent variation in the ellipticity
is primarily governed by the increased contribution of the
electric dipole at the top-right corner. Crucially, time-
resolved PINEM measurements revealed that the asym-
metric near-fields exhibit faster decay dynamics than the
symmetric counterparts by 25-150 fs, indicating remark-
able chirality-dependent energy dissipation pathways.
This faster dissipation, attributed to the structural asym-
metry of the I'-shaped meta-atoms, results in distinct free-
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Fig. 4 Probing interaction of free electrons with localized near-fields in a metal photonic cavity by PINEM. a Schematic of PINEM
measurement under STEM mode, in which a fs electron probe scans over the localized near-fields in a chiral meta-atom under a fs laser pulse
excitation. b Energy level diagram of ladder states with spacing hw relative to the initial state at E,. Arrows indicate sequential multistate population
transfer (Type 1) and interfering quantum paths (Type Il), leading to multilevel Rabi oscillations. € Schematic representation of electric dipole and
electric quadrupole models in the achiral and chiral meta-atoms. d, e Top: Electron energy spectroscopy data showing multiple photon absorption
and emission collected at P1 to P3 (chiral) and P2’ to P3’ (achiral) positions indicated in (c). Areas of different colors in the PINEM spectrum of P2’
position indicate electron energy gained by different numbers of photons. Bottom: Corresponding time-resolved difference electron energy
spectroscopy map. f Energy gain images obtained at time zero with the selected energy states of 40 hw, 42 hw, +4 hw, ...... ,and +12 hw for the
achiral (top panel) and chiral (bottom panel) meta-atoms. g Probabilities of the electron-photon interaction intensity at +6 hw of different localized
near-fields versus delay time. h Time-dependent PINEM energy-gain images at +6 hw for the achiral (top panel) and chiral (bottom panel) meta-
atoms (see d, e for the energy gain spectra). White dashed lines indicate the meta-atom boundaries, where the inner area represents the vacuum
region and the outer area is the Au film. Scale bar: 100 nm
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electron—near-field interaction processes. This work not
only elucidates the microscopic mechanism of chiral
light-matter interactions but also establishes a causal link
between nanoscale geometry and macroscopic optical
response, which provides a unified framework for the
rational design of chiral photonic devices with broad
applications in chiral light sources®", ultrafast polarization
control®>=** and advanced biosensingss.

Materials and methods
TEM specimen preparation and characterization

The metasurfaces were fabricated using FIB milling
through an 80/100-nm-thick gold film deposited on a
30 nm thick SisN, substrate (Ted Pella, Inc.). The detailed
geometry parameters of a metamolecule are shown in the
inset of Fig. 2a. Both chiral and achiral metasurfaces were
constructed as 64 x 64 arrays of metamolecules, with a
periodicity of 350 nm across all samples. The meta-atoms
were fabricated in matrix etched mode with a current of
7.7 pA and a voltage of 30kV in an FIB system (Helios 5
UC Dual Beam, FEI Inc.).

PINEM experiment

The measurements were carried out using an ultrafast
transmission electron microscope (UTEM) based on a
Schottky field-emission TEM (200 kV Talos F200i, FEI
Ltd). The UTEM was operated in a pump—probe config-
uration, driven by a 100W, 1030 nm, ~250fs laser
(Spectra Physics) running at 200 kHz, whose output was
split into two paths by a beam splitter. These two beams
were used to drive two noncollinear optical parametric
amplifiers (NOPA2H and NOPA3H) separately.
NOPA3H delivered a 300 nm laser beam of short pulse
duration (30fs) and eventually generated the photo-
electron probe. NOPA2H delivered another beam with a
tunable wavelength (660—-830 nm, 30 fs pulse duration) to
pump the sample. Inside the TEM column, an additional
aluminum mirror deflected the pump pulse so that it
impinged on the specimen from above at a small angle of
~4° to the z-axis. A pump spot of ~60 um in diameter and
a fluence of 7.3mJcm > was formed on the specimen,
serving as the optical excitation of the near field. A
motorized delay line controlled the temporal offset
between the optical pump pulse and the electron probe.
To analyze the post-interaction electron energy spectrum,
a post-column spectrometer (Gatan) coupled to a
retractable K3 Summit direct electron-detection camera
was employed. This system also enabled high signal-to-
noise ratio energy-filtered TEM (EFTEM) imaging for
real-space mapping.

Far-field experiment

The experimental setup employed a broadband super-
continuum laser source (YSL Photonics, 6W-SC-Pro),
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whose output light was polarized along the x-direction
using a GT calcite polarizer. For optical configuration,
illumination was implemented through a 10x microscope
objective (0.3 N.A.) while light collection utilized a 50x
objective (0.8 N.A.). Subsequent polarization analysis of
chiral metasurface emissions was performed using a
home-built polarimetric system consisting of a rotating
superachromatic quarter-WP, GT polarizer, and a fiber-
coupled spectrometer.

Data analysis

The interaction probabilities were determined from
time-resolved electron energy spectra acquired using
PINEM. For each delay time ¢ between the electron and
laser pulses, the probability of an electron participating in
an n-photon interaction process was determined by
integrating the signal over the energy window of the
corresponding energy gain sideband (e.g., +nhiw) after
subtracting the background.

To resolve the temporal dynamics in Fig. 4g, the delay
time was scanned sequentially. The integrated intensity of a
selected sideband (+6%Aw) was used to construct the inter-
action probability as a function of delay, denoted as Pn(¢).
The resulting temporal trace was fitted with a Gaussian
function to extract the effective interaction duration
(FWHM) and the time of peak interaction strength.

Numerical simulation

The simulations were performed using the finite-element
method (Wave Optics module of COMSOL Multiphysics
software) for the results shown in Fig. 3. The Au meta-
surface was modeled as a square film with a side length of
350 nm. The thickness of the top Au film is 80 nm, while
the bottom Si3Nj film is 30 nm. The geometric parameters
of the meta-atom are shown in Fig. 2a. The refractive index
of the SizN, substrate was set to be a constant of 2.09.
Periodic boundary conditions were applied along the x and
y directions, while the wave interacted with the sample
along the z-axis. Unphysical radiation reflection from
external boundaries was absorbed by the addition of per-
fectly matched layer subdomains.

The excitation was modeled as a linearly polarized plane
wave with a wavelength range from 680 nm to 830 nm.
Based on the calculated data, PINEM images
(Fig.L 2Sd, g) were ' simulated using the formula
leL _/L /zdzEz(x, y,2)e”?/", as detailed in Supplementary
Note 1. Here, L is the effective height of the near-field area
along the z-axis, v is the electron’s group velocity, and o is
the frequency of the laser.
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