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Mirror asymmetry of electronic states or optical media is expected for the
emission of chiral photons, which constrains the design of dichroic materials.
Here we demonstrate that these symmetry restrictions can be relaxed by
harnessing the local chirality of globally achiral materials, also known as
chirotopicity. Unlike chirotopic sites in molecules whose optical effects are
unknown, photonic nanostructures make possible the enhancement and
deliberate localization of left- and right-handed chirotopic fields by linearly
polarized light. We show that intense and highly elliptic light is emitted from
achiral luminophores engulfed by such fields. Luminescence dissymmetry
factors between 1.65 and -1.58, approaching the theoretical limit, are obtained
for nanoparticles and dyes, which may be generalized to other luminophores.
After being hypothesized by Mislow more than 50 years ago, these findings
validate the concept of chirotopicity and enable its utilization in chiral
photonics.

The symmetry of molecules, crystals and composites imposes funda-
mental limits on optical properties. For example, vector multiplication
for electronic transitions in dipolar approximation restricts the emis-
sion of mirror-asymmetric circularly polarized photons to mirror-
asymmetric electronic states'™. This notion successfully guided the

mirror-symmetric, their global structures are not, which substantiates
the necessity of global mirror asymmetry for CPL emission.

Such symmetry-based heuristic rules may, however, be too sim-
plistic because these and other examples indicate that chirality is a
scale-dependent parameter®. A material can be globally achiral, but

synthesis of a large body of luminescent molecules®, polymers’,
crystals®, and filaments® designed to be intense emitters of chiral
photons. Circularly polarized light (CPL) can also be emitted by achiral
luminophores when they are embedded into composites possessing
helical structural motifs'®8, extrinsic chirality'>*, or specific combi-
nation of linear birefringence and linear dichroism?*. Although the
individual components and electronic states of the luminophores are

the local environment of the electronic state can still be chiral. The
difference between local and global asymmetry can be particularly
important for the engineering of CPL emitters with high brightness and
ellipticity, which have both fundamental and technological relevance.
Dissymmetry g-factors gjum=2-(lrcp —ILcp)/Urcp + ILcp) are often
employed as a cumulative figure of merit for chiral luminophores and
composites. There has been intense research and significant progress
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of CPL emitters® with g, > 0.5. Nevertheless, g, remains 10°>-107
for the majority of chiral molecules because the pursuit of high ellip-
ticity in luminophores activates non-radiative decay, thereby limiting
quantum yields®.

In this work, we show that CPL emission can be attained by har-
nessing the local chirality of globally achiral nanostructures, which
enables virtually any nanostructure or molecule to emit CPL. The
concept of local chirality or chirotopicity was first introduced by
Mislow in 1967 and refers to a geometric point in a molecule that
cannot remain invariant under local rotation-reflection operations®.
Such points experience locally asymmetric electric fields due to sur-
rounding electronic clouds. At a molecular level, these fields are weak
and stochastic; they do not allow one to observe chirotopic effects in
the macroscale and in the far field. In fact, it was thought to be
impossible to observe such effects for molecules, polymers or crystals.
The situation changes, however, at the nanoscale level because the
strong local symmetry-broken fields can be generated by achiral
photons in resonance with nanostructures. A half of photonic elements
can be selectively excited, producing, for instance, left-handed chir-
otopic field depending on the incident polarization. The other half,
producing the right-handed chirotopic field, can remain pre-
dominantly silent. Consequently, the helicity of photons emitted from
such materials becomes symmetry broken, although luminophores in
them remain achiral, randomly oriented and non-dichroic.

As a proof of principle, we demonstrate CPL emission from both
upconverting nanoparticles (NPs) and downshifting dye molecules
localized at chirotopic sites on achiral nanostructures. Selective exci-
tation of luminophores at chirotopic sites with linearly polarized pump
light enables a widely tunable chiroptical response, with gj,,, spanning
-1.58 to 1.65 and thus approaching the dissymmetry limit (i.e., -2 to 2)
for a tunable CPL source.

Results

Local symmetry breaking and nanoscale chirotopicity
Following the treatment of chirotopic geometries by Mislow?*?, let us
first consider an array of achiral nanogroove dimers in a gold film,
depicted in Fig. 1a. Although it globally possesses a mirror symmetry of
0y, all the sites in the model (e.g., Points 1, 2), except for those lying in
the o, plane (e.g., Points 3, 4), are characterized to be chirotopic or, by
other words, locally chiral. Distinguished from the concept of chirality,
which is purely geometric and binary, chirotopicity implies a locally
asymmetric environment that can be assessed and potentially engi-
neered for any point in a gradual manner using chirality measures®. At
the molecular level, the chirotopic effect is too weak to induce strong
circularly polarized light emission due to the size mismatch between
molecules and light wavelengths. In contrast, local symmetry breaking
should be particularly stronger in resonant nanostructures (i.e., meta-
atoms) with large polarizability, where the locally enhanced electric
fields associated with optical resonances take the role of the electronic
wavefunctions of atoms. For measuring optical chirotopicity, local
circular dichroism (LoCD) is defined as:

)= |Ercp(M)|* — [Ecp(®)*

LoCD(r
|ERCP(r)‘2 + }ELCP(")|2

@

where electric field intensities {ERCP(r)|2 and |ELCp(r)|2 are obtained
under normal incidence of right- and left-handed circularly polarized
(RCP and LCP) light. The LoCD map calculated for the plasmonic
nanodimer is zero on the o; plane due to the existence of local
symmetry (Fig. 1b). Besides, since LoCD is a parity-odd scalar, it is
forced to have opposite values on the two sides of the symmetric plane
0, which will cancel each other in the far field to manifest no circular
dichroism in scattering. If rectangular nanogrooves with higher
symmetry are considered (Fig. 1c), more complex LoCD distributions

are presented with alternating regions of positive and negative values.
For the cases of chiral Z-shaped or fan-shaped nanogrooves (Fig. 1c),
positive and negative LoCD values are no longer balanced, resulting in
non-zero circular dichroism scattering signals in the far field. In fact,
almost all types of nanostructures exhibit local symmetry breaking,
with the only exception of an isotropic circular disk. Experimentally,
the existence of chirotopic centers in NPs with reduced global
symmetry can be vividly observed via their light-induced growth due
to locally asymmetric plasmonic fields®*”. We note that another
quantity, i.e., optical chirality C, is also utilized for measuring the
chirality of near fields®, but it differs from LoCD in both physical
meaning and applicable scenarios (see details in Supplemen-
tary Note 1).

Although LoCD, by definition, is related to differential absorption
of CPL, it may also enable chiral light emission according to Lorentz
Reciprocity. If a photon emitter is selectively located at those chir-
otopic sites with positive (or negative) LoCD values, RCP (or LCP) light
will be emitted. This can be validated by electromagnetic simulations
of local emission dissymmetry factor gj,m(r) map (Fig. 1b), taking
advantage of its relationship to LoCD(r) as (see Supplementary
Note 2):

8lum(1)=2-LoCD(r) 2)

where gium(r) is defined as gum(r) =2-(rcp — hcp)/Urcp +hicp) and
evaluated for a local emitter, while /rcp and /, cp are the RCP and LCP
components of emitted light. gi,m(r) values approaching the theore-
tical maximum of 2 are observed in Fig. 1b.

Although chirotopicity is universally present in nanostructures of
virtually any shape, certain principles have to be obeyed in structural
designs in order to harness nanoscale chirotopicity as a generalizable
method for enabling high-intensity, high-gj,, chiral emission. First, the
LoCD amplitudes should be increased to boost emission ellipticity
Sum(p). Second, the LoCD regions of opposite polarity should be
spatially separated in order that they can be selectively addressed
without crosstalk. Third, regions with large LoCD and strong electric
fields should be overlapped so that the chiral emission intensity is
enhanced as well. According to these design principles, nanostructures
with lower symmetry are preferred, which can be inferred by com-
paring the LoCD maps of plasmonic dimers and nanorectangles
(Fig. 1b, c). Meanwhile, chiral nanostructures are not desired because
their LoCD patterns tend to be twisted (Fig. 1c). Their uneven dis-
tributions of positive and negative LoCD further hinder the identifi-
cation of true chirotopic effects on gum. Therefore, achiral
nanostructures with only one mirror plane are ideal candidates for
enabling chiral emission from chirotopic sites, e.g., the plasmonic
dimer in Fig. 1a.

Chirotopic designs for circularly polarized light emission

We utilize the nanogroove dimer design for generating circularly
polarized light emission from the chirotopic effect. Lanthanide-doped
upconversion NPs (UCNPs) are adopted as achiral luminophores,
which exhibit a photoluminescence (PL) band at around 660 nm when
pumped at 980 nm, showing no luminescence chirality (see Methods).
SEM images of the nanodimer array with and without UCNPs are
depicted in Fig. 1a. As a result of near-field coupling between adjacent
nanogrooves (see Supplementary Fig. 6), the nanodimer array sup-
ports an antisymmetric and a symmetric plasmonic mode (Esym or
E.n) With respect to the mirror plane, which is clearly observed in the
simulated and experimental reflection spectra (Fig. 2a). Their corre-
sponding near-field distributions are plotted in Fig. 2b. Non-zero LoCD
can only be induced when the two modes are simultaneously excited
and interfere (see Supplementary Note 3), whose amplitude is derived
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Fig. 1| Fundamental principles of nanoscale chirotopicity. a Schematic of a
plasmonic chirotopic device enabling circularly polarized emission from achiral
emitters. The structural parameters are: p,=382nm, p, =210 nm, [=175nm,
w=50nm, g=40nm, h=160 nm, and t=70 nm. SEM images of the device with
(bottom) and without (top) UCNPs are shown on the right. Scale bar, 200 nm.

b Calculated LoCD(r) and gj,m(r) distributions of the plasmonic nanogroove dimer,

exhibiting large optical chirotopicity at the wavelength of 660 nm. ¢ SEM images
and calculated LoCD(r) distributions for the plasmonic rectangular, Z-shaped, and
fan-shaped nanogrooves at the wavelength of 660 nm. The plot ranges of LoCD are
640 nm x 480 nm, 650 nm x 650 nm, and 650 nm x 650 nm from top to bottom.
Scale bar, 200 nm.

as:

lEsym (r) ‘ : ! I':anti (l‘) |

2 2
Esym(r)‘ + |Eanti(r)|

2 .sin(@) -

LoCD(r)= 3)

where @ is the phase difference between the two modes. To obtain
strong LoCD over large areas, the excited symmetric and antisym-
metric modes should have similar mode profiles and be equally excited
with a phase delay of 1/2 or 31/2. In our design, the two modes indeed
have similar intensities and a phase delay of about 3m/2 at the wave-
length around 660 nm, overlapping with the emission band of UCNPs
(see Supplementary Fig. 7a). All design principles are thus satisfied,
and LoCD values above 0.97 and below -0.97 are achieved over the left
and right nanogrooves (Fig. 1b). As a result, the near fields are highly
enhanced and localized at the left (or right) nanogroove for RCP (or
LCP) incidence at 660 nm (Fig. 2c).

To harness such strong chirotopicity for circularly polarized light
emission, one needs to selectively place luminophores at those chir-
otopic sites with positive or negative LoCD. This task is, however, far
from being simple for current fabrication techniques, because NPs are
almost equally deposited in the two nanogrooves with opposite LoCD
(Fig. 1a). An alternative solution is to excite luminophores in only one
nanogroove. Aiming at the fundamental proof of concept for the
possibility of chiral emission from achiral materials via local symmetry
breaking, we employ linearly polarized laser beam at 980 nm and
control its orientation angle 6. Then, the left nanogroove can be
individually addressed for 8=135° (Fig. 2d). Electric field intensity
integrated over the left nanogroove (2;¢) is calculated to be 15 times
stronger than the right one (Zzs), showing a large linear polarization
selectivity at this wavelength (see Supplementary Fig. 8). Then, UCNPs
contained in the left nanogroove are pumped to excited states and

undergo non-radiative energy transfer from electrons to the chir-
otopic plasmonic mode at 660 nm, resulting in RCP upconversion
luminescence. For the case of 6=45°, the right nanogroove is selec-
tively excited to generate LCP luminescence. The gj,, value of the
device can be theoretically predicted as:

_ /i 8um®|E®|*dr _ 2ff, LoCD(r)|E(r)|*dr

4
11} Ecer 10} B0 ar @

8um

where E(r) is evaluated for the pump wavelength of 980 nm, gj,m(r)
and LoCD(r) are dependent on the luminescence wavelength. The
volume integration is conducted over the two nanogrooves where
UCNPs are present. As shown in Fig. 2e, the g, spectrum is calculated
to be resonant at 660 nm with peak values of up to 1.8 and -1.8 for
6=135° and 45°. But for 6=90°, the gj,m spectrum maintains zero.
We compare the nanogroove dimer structure with rectangular,
Z-shaped and fan-shaped nanogrooves, in terms of predicted gjum
spectrum (Supplementary Fig. 9). Since regions of positive and nega-
tive LoCD are usually intermixed in space for the three alternative
structures, making them hard to excite selectively, their predicted gjym
values are much smaller than nanogroove dimers (Supplementary
Fig. 9). Moreover, we note that our chirotopic design is very robust
against the incident angle of pump light. The peak value and spectral
position of gj,,» remain almost unchanged over a wide range of inci-
dent angles (Supplementary Fig. 10). As a fundamental phenomenon in
optics, spin-orbit coupling has been extensively investigated for
directional excitation of surface plasmon polaritons® and guided
modes™, as well as selective coupling of circular dipoles®™. In these
works, spin-polarized excitation sources, either far-field circularly
polarized light or near-field circular dipoles, are directionally coupled
to distinct modes. Our work represents an application of spin-orbit
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Fig. 2| Chirotopic design for circularly polarized light emission. a Simulated and
measured reflection spectra of the device under x- and y-polarized illuminations.
b E, distributions of symmetric and antisymmetric modes at 660 nm. ¢ |E|* dis-
tributions under RCP (middle) and LCP (bottom) incidence. d Volume-integrated
electric intensities over the left and right nanogroove (2, c and 2zc), along with their

ratio (2;¢/2rc), under linearly polarized incidence of 6=135°. Electric field dis-
tributions at 980 nm for the cases of 8=135° and 45° are shown on the right.

e Theoretically predicted gj,m spectra of the device for the pump orientations of
6=45°,90° and 135°.

coupling, where achiral emitters at different locations generate free-
space chiral emission with opposite handedness.

Experimental results for chirotopic upconversion luminescence
To experimentally investigate the emission properties of our chir-
otopic device, a 980-nm continuous-wave laser with a power of 30 mW
is passed through a linear polarizer, a half-wave plate, and then nor-
mally illuminated on the device. The upconversion luminescence is
collected with the same objective and analyzed (see Methods). When
the orientation angle of the pump light 8 is set to 135°, gj,m is measured
to be larger than 1.55 over the whole emission band from 645 nm to
670 nm. The maximum gj,,, of 1.65 is acquired at around 660 nm
(Fig. 3a), which matches our predicted value. Meanwhile, the PL
intensity is as high as 70 times stronger than the reference case with
UCNPs deposited on a bare gold film (Supplementary Fig. 11). Once the
orientation angle 6 is switched to 45°, the retrieved gj,, is reversed to
-1.58 (Fig. 3b). Further, if 0 is set to 90°, a negligibly small g, is
obtained over the emission band (Fig. 3¢). By controlling 6, the gj,, can
be continuously tuned between 1.65 and -1.58, approximately follow-
ing the relationship gj,m=-1.64-sin(26) (Fig. 3d, Supplementary
Fig. 12). To the best of our knowledge, this is the largest tuning range
ever realized for compact CPL emitters?>. We also measure the gj,m, of
upconverted luminescence as a function of 6 for the rectangular,
Z-shaped and fan-shaped nanogroove samples (Supplementary
Fig. 13). As theoretically predicted before, both the peak values and

tuning ranges of gy, are much smaller than the nanogroove dimer
design. For passive metasurfaces operating in the elastic scattering
regime, the interaction preserves the coherence between the incident
and scattered fields, meaning the scattered light retains a deterministic
phase relationship and well-defined polarization state relative to the
incident wave. Thus, it is straightforward and easy to manipulate
scattered polarization and phase with nanostructures. In contrast,
inelastic scattering involves energy exchange (e.g., with molecular
vibrations or electronic excitations), leading to nonlinear and often
stochastic responses. The scattering process is largely insensitive to
the phase of the incident field, and the emission polarization is pri-
marily determined by the metasurface eigenmodes at the emission
wavelength and is typically fixed once the metasurface is fabricated"™;
making substantial post-fabrication control of emission chirality
challenging.

If the measured PL polarizations are mapped on a Poincaré sphere
(Fig. 3e), they follow a trajectory from near the north pole to near the
south pole, approaching the performance limit of a tunable CPL
source. The polar diagrams of polarizations for the cases of 8 =45° and
135° show typical circular polarization patterns (Fig. 3e). But for the
cases of 8=0° and 90° with gj,m =0, the polar diagrams correspond
not to linear polarizations, but to unpolarized emission resulting from
incoherent superposition of equivalent RCP and LCP components,
because UCNPs in the left and right nanogrooves are equally excited
(Fig. 3e). Further, we experimentally examine the dependence of
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Fig. 3 | Experimental results for chirotopic upconversion luminescence.
a-c Helicity-resolved PL intensity and gi,m spectra measured for pump polarization
angles of 6=a135° b 45°, and ¢ 90°. d Dependence of experimental gj,, values on
the polarization angle 6, fitted with a sine function. e Evolution of measured

-20-10 0
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luminescence polarizations is mapped on a Poincaré sphere, represented by
colored stars. The polar diagrams of polarizations for 6 =45°, 135° and 8=90° are
plotted on the two sides. f, g Helicity-resolved PL intensity and gj,m spectra mea-
sured with respect to the emission angle for 6 =£135° and g 45°.

emission properties on emission angles. The emission intensities
exhibit an advantageous flat band in the momentum space (Fig. 3f and
g), while the g, spectra display high values for 8 =135° and 45° over a
wide angular range, excluding the possible impact of extrinsic chirality
corroborated by the experimental data of 8=0° and 90° (Supple-
mentary Fig. 14). In sharp contrast, most of the existing CPL emitters
based on intrinsically or extrinsically chiral metasurfaces can only
achieve high gj,m values over a severely limited range of angles'**°,
which endows chirotopic devices with advantages in angular
tolerance.

Dynamic chirotopic downshifting luminescence

To further validate the concept and demonstrate the advantages of
harnessing emission from globally achiral structures with nanoscale
chirotopic electromagnetic fields, we test luminescence of 4-(dicya-
nomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM)
dyes deposited onto chirotopic sites (Fig. 4a). For reference, a bare
DCM-doped PMMA film on glass has achiral broadband emission
centered at 635 nm, when pumped at 520 nm (Fig. 4b). If a 70 nm-thick
DCM-doped PMMA film is deposited on the plasmonic nanodimer

array, an antisymmetric and a symmetric mode are observed at 577 nm
and 641 nm (Fig. 4b), resulting in the maximum chirotopicity achieved
within the emission band of DCM. Then, a 520-nm linearly polarized
pump light with 6=135° leads to a gj,m as high as 1.24 (Fig. 4c). By
controlling the orientation angle 6, the gj,, value can be continuously
tuned between 1.24 and -1.08 (Fig. 4c, Supplementary Fig. 15),
approximately following the relationship gy,m=-1.16sin(26) as
observed above for UCNPs. We note that the magnitude of g, for
DCM is smaller than that for UCNPs, because DCM is also deposited
outside nanogrooves, where the chirotopicity is weaker than inside
them (Supplementary Fig. 16).

The broad emission band of DCM helps uncover how the spectral
dependence of the giant gj,,, originates from the chirotopic effect,
which is difficult to observe with the narrow-band emission of UCNPs.
As shown in Fig. 4d, the gj,m spectrum of Sample 1 exhibits a strong
resonance at 610 nm, where the spectral lines of antisymmetric and
symmetric modes of the plasmonic nanostructures are intersected to
fulfill the criteria in Eq. (3). By tailoring the spectral positions of the two
modes through structural designs, we can customize the gj,m reso-
nance to a specific wavelength. As demonstrated in Fig. 4d, the helicity-

Nature Communications | (2026)17:7208


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-74088-8

NN AN

a b o C s
1.0 i
0.8 5 10
2 05}
S06 g .
3 z
2 052 g 0
T 0.4 )
/ 3 05
c
3

— Fit
m Exp|

500 600 700 800 1'50 30 60 90 120 150 180
Wavelength (nm) 6 (deg)
1200
— 11.3 T T T 3 T
ILCP Ideal emitter
800+ — RCP L . X ]
Gium A Chiral luminophore Chirotopic emitter &, |
10.8 . (Theory) ;
400}, V¥ Chiral nanostructure én H
; ; irotopic emitter !
8 - 34 @ Chiral microstructure (Experiment) i
11.3 :
> :
‘% 800r € !
g los® 27 M P
€ 085 g Ref. Ref 47 !
", 400 i i v 5 :
o Chiral emitters a0 H
W Ref. i
0 0.3 1 Refi#t . | |
118 Ref 4 :
Ref*® @ 1
800 ® ]
los old Rif.?’i R’Aef.s Ref*®  Ref% Ref,12"€5
) 7 ® v.e v V ¥ 7
400 ]
Ref2” Ref® Ref? Ref'® Ref'®  Ref*? Ref!
1 1 1 1 1
0 0.3
550 50 0.001 0.01 0.1 1 2

650
Wavelength (nm)

Fig. 4 | Tunable chirotopic luminescence and comparative performances of

CPL emitters. a Schematic of a plasmonic chirotopic device for achieving chirality-
tunable luminescence from DCM dyes. SEM images of the nanogroove dimer with
(bottom) and without (top) a DCM film are depicted on the right. Scale bar: 200 nm.
b Experimental reflection spectra of the device under x- and y-polarized illumina-
tions, together with the helicity-resolved PL spectra of a bare DCM-doped PMMA

|Gtuml

film pumped at 520 nm. ¢ Dependence of the measured gj,m values on the polar-
ization angle 6, fitted with a sine function. d Helicity-resolved PL intensity and gj,m
spectra for different chirotopic devices at 6 =135°. Their SEM images are shown on
the left. Scale bar: 300 nm. e Comparison of chiral dissymmetry parameters for
chirotopic emitters and other CPL emitters: |gjym| VS Agjum. A log scale is utilized for
the |gium| due to a wide range from 0.001 to 0.1.

resolved PL spectra are significantly modulated with the resonance
wavelength of gym redshifted from Sample 1 to 3 (Supplemen-
tary Fig. 17).

Comparison with chiral emitters

One can compare our chirotopic nanostructure emitters with some
typical chiral emitters in terms of two key metrics: the maximum value
of emission dissymmetry factor |gi,m| and its tuning range Agum
(Fig. 4e). Most chiral organic molecules have rather low |gj,ml, typically
on the order of 107 to 1072, because their magnetic transition dipole
moments are much smaller than their electric dipole moments®,
Although inorganic crystals® and lanthanide complexes® can enable
larger |giuml than chiral organic molecules, their circularly polarized
luminescence is difficult to tune for specific emission due to quantum
mechanical constraints. Given these challenges, chiral nanostructures,
particularly in the form of planar arrays known as chiral metasurfaces,
have offered an alternative route to realizing compact CPL sources
with large gum and strong Iluminescence intensity'©?’. Such
nanostructure-based CPL emitters are generally designed to exhibit
either intrinsic chirality through three-dimensional mirror-asymmetric
geometries'® '™ or extrinsic chirality via slant-angle emission
configurations'*1>?°, The recent adoption of chiral bound state in the
continuum"™ has further pushed the experimental |gj,m| values
beyond 1.8, approaching the theoretical limit of 2. Nevertheless,

intrinsic chiral bound states in the continuum nanostructures usually
demand specialized and elaborate nanofabrication techniques, such as
slanted reactive ion etching™? and grayscale electron beam
lithography", whereas slant-angle emission schemes suffer from strict
alignment requirements, inherent instability, and integration chal-
lenges. Moreover, post-fabrication tunability of the gy, is still a
dilemma for the existing chiral nanostructure emitters'’°. Exploiting
spin-locked transition metal dichalcogenides presents a possible
solution to dynamically modulate gj,,***, but their ultrathin thickness
limits emission intensities, and the achieved |gj,m| and Agjm values
remain moderate. As to circularly polarized emission assisted by heli-
cal microstructures®****, it typically requires considerable thicknesses
to accumulate |gi,m| and involves complicated structures to accom-
modate external stimuli.

By contrast, our proposed chirotopic nanostructure emitter does
not rely on intrinsically or extrinsically chiral nanostructures, but
instead on the selective excitation of luminophores at specific chir-
otopic sites. Compared to chiral metasurfaces employing bound states
in the continuum”—which excel in achieving higher |gm| values,
supporting polarization-insensitive excitation, and producing stronger
Purcell effects due to their larger quality factors—the chirotopic
emitter offers a larger tuning range Agj.m. Moreover, it utilizes planar
achiral nanostructures that are compatible with conventional nano-
fabrication techniques, and generates chiral emission in the normal
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direction with robust angular tolerance. Therefore, neither approach is
universally superior; the choice should be made based on the specific
application scenario.

Discussion
Motivated by the theoretical framework of chirotopicity that remained
unproven for 50+ years, we show that local nanoscale chirality of
globally achiral materials can produce CPL with both high intensity and
ellipticity. Symmetry restrictions imposed on electronic states of
luminophores to emit circularly polarized photons have been
removed. The observed effect, driven by local symmetry breaking and
electromagnetic field asymmetry, is generalizable to a wide range of
luminophores, inclusive of NPs and organic dyes, which is particularly
significant in the context of gj,, values approaching the theoretical
maximum. Extension of the framework of chirotopic field-matter
interactions should encompass its implications for nonlinear optics.
Future translational studies should include the selective place-
ment of emitters at chirotopic sites, which would eliminate the
requirement for specific excitation polarization and could further
promise electrically-pumped chiral light-emitting devices. However,
since chirotopic sites are distributed at deep-subwavelength scales
(-10 nm), achieving such selective placement imposes high demands
on positioning resolution, accuracy, and stability. Aligned electron
beam lithography represents a viable high-resolution approach*, yet it
relies on extremely precise alignment, is costly, and remains difficult to
scale. In contrast, plasmon-induced selective exposure offers a
potentially low-cost, fast alternative**~°. However, it depends heavily
on sophisticated nanostructure designs and accurate control of
exposure dosage, and typically provides lower positioning resolution
and accuracy compared to electron beam lithography, thereby limiting
the achievable gj,,,. Overall, current schemes remain largely proof-of-
principle, and the large-scale, selective addressing of nanoscale chir-
otopicity for integrating into scalable devices still poses significant
technological hurdles. Despite these challenges, the chiral emission
scheme based on nanoscale chirotopicity proposed here holds
potential for applications in polarization-encoded displays, enantio-
selective sensors, and compact CPL sources.

Methods

Synthesis of UCNPs

In a 100ml three-neck round-bottom flask, 1.36 mmol
Y(CH3CO0)3:xH,0, 0.6mmol  Yb(CH;COO)3xH,0, 0.04 mmol

Er(CH5C00)3°xH,0, 30 ml octadecene and 12 ml oleic acid are mixed
under stirring at the speed of 800 rpm. Then, the mixed solution is
heated to 120 °C in a vacuum for 15 min. After that, the solution tem-
perature is cooled to 50°C under an Ar flow (20 ml/min). Then,
8.0 mmol ammonium fluoride and 5.0 mmol sodium hydroxide in
methanol (20 ml) solution are added to the flask under stirring for half
an hour. After 30 min, the solution temperature is raised to 70 °C to
remove the residual methanol under vacuum. Subsequently, the
solution temperature is gradually increased to 300 °C at a rate of 20 °C
per minute. The reaction system is kept for 90 min to ensure the
growth of NaYF4:30%Yb,2%Er crystals completely. Finally, the solution
is cooled to 25 °C naturally. The final brown solution is precipitated by
80 ml of ethanol first. The NPs are isolated at a centrifugation speed of
4193 g. The resulting pellets are washed three times with 10 ml hexane
and 20 ml ethanol alternately. The final product is dispersed in 8 mL of
hexane for the second step, coating the NaYbF, shell.

The coating process of NaYbF, shell on NaYF;:30%Yb,2%Er is
similar to the above core synthesis process. Typically, in a 100 ml
three-neck round-bottom flask, 2.0 mmol Yb(CH3COO)3xH,0, 30 ml
octadecene and 12 ml oleic acid are added under stirring at the speed
of 800 rpm. Then, the solution temperature is increased to 120 °C
under vacuum. 15min later, the solution temperature is cooled to
50 °C under an Ar flow (20 ml/min). Subsequently, NaYF4:30%Yb,2%Er

NPs synthesized in the first step, followed by 8.0 mmol ammonium
fluoride and 5.0 mmol sodium hydroxide in methanol, are added to the
flask with stirring for 30 min at a speed of 800 rpm. After that, the
solution temperature is raised to 70 °C to remove the methanol under
vacuum. After the methanol is removed completely, the solution
temperature is increased to 300 °C quickly at the speed of 20 °C per
minute and kept for 90 min to ensure the growth of NaYF4:30%Yb,2%
Er@NaYbF, crystals completely. Finally, the solution is cooled to 25°C
naturally. The final brown solution is precipitated by 80 mL ethanol
firstly and isolated at a centrifugation speed of 4193 g. The resulting
pellets are washed three times with 10 mL hexane and 20 ml ethanol
alternately. The final product is dispersed in 8 mL of hexane for the
third step, the standby coating of the NaYF, inert shell. The average
size of NP is determined as 27 nm, measured by transmission electron
microscopy (Supplementary Fig. 1a). When pumped at 980 nm. A
characterized photoluminescence (PL) band is exhibited at around
660 nm with no luminescence chirality (Supplementary Fig. 1b), due to
the intrinsic crystal lattice symmetry.

Fabrication of our chirotopic device
The fabrication process of our device is illustrated in Supplementary
Fig. 2. Firstly, a cleaned silicon wafer is spin-coated with high-
resolution electron beam resist HSQ (2wt% in methyl isobutyl
ketone, Dow Coming XR-1541) and patterned by electron beam litho-
graphy (JEOL-6300FS, acceleration voltage: 100 kV). Secondly, the
HSQ pattern is transferred to the underlying silicon substrate by
inductively coupled plasma etching (Oxford PlasmaSysteml100
ICP380) with a combination of SF¢ and C4Fg gases (ICP power: 1300 W,
RF power: 50 W, temp: 10 °C), with the height of silicon pillars precisely
controlled by the etching time. The HSQ mask is then removed by wet
etching (BOE). Thirdly, a gold film with a thickness of 160 nm is
deposited on the silicon substrate by an electron beam evaporator
(AdNaNotek EBS-150). Then, a glass slide is adhered to the surface of
the gold film using the optical adhesive OA glue (Norland Products
NOAG61) and fixed with ultra-violet radiation after curing. Finally, gold
nanogrooves on the glass slide are stripped from the silicon substrate.
For the deposition of UCNPs, a solution containing UCNPs at a
concentration of 1 mg/ml is sonicated for 1 min to fully disperse the
NPs. Then, a 100 pL UCNPs solution is mixed with 1200 pL n-hexane to
dilute the concentration. Subsequently, the sample is placed flat in the
solution, with the sample surface slightly lower than the liquid surface,
and sonicated for 1 min. Finally, the sample is taken out and dried
naturally. For the deposition of the DCM-doped PMMA film, a 70 nm
DCM-doped PMMA film (mass ratio 1:240) is spin-coated for 40s at a
speed of 6000 rpm.

Numerical simulations

All simulations in this work are performed using a finite-element-
method solver (COMSOL Multiphysics). The permittivity of gold is set
based onJohnson and Christy data, while the refractive index of UCNPs
and DCM-doped PMMA film is set as 1.45. Periodic boundary condi-
tions are employed in the x- and y-directions, and perfectly matched
layers are utilized in the z-direction. When calculating the local dis-
symmetry factor of luminescence gjm(r), an electric dipole with a
certain orientation is swept over the near field of nanostructures, while
the circular polarization of the radiative field is analyzed.

Optical characterizations

As shown in Supplementary Fig. 3, for the measurement of upcon-
version luminescence, a CW laser at 980 nm is passed through a linear
polarizer and a half-wave plate and then focused on the chirotopic
device sample using a 20 x objective (NA=0.4). The upconversion
luminescence is collected with the same objective, passed through a
low-pass filter to eliminate the influence of pump light, and finally
directed to a spectrometer (Horiba, iHR 320). Circular polarization is
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examined using a combination of a quarter-wave plate and a linear
polarizer. To measure downshifting luminescence, the wavelength of
the CW laser is changed to 520 nm, while the low-pass filter is replaced
by a long-pass filter. All beam splitters utilized are polarization-
maintaining.

Data availability

All data needed to evaluate the conclusions in this paper are available
in the main text or the supplementary materials. The source data file
has been deposited in Figshare under the accession code DOI link®.
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