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Chirality-selective superfluorescence based on chiral interactions
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The concept of chiral interactions has been intensively studied in various fields involving diverse scales of
objects, e.g., nucleons, amino acids, and liquid crystals. One of the key problems is how chiral interactions induce
synchronization effects among initially uncorrelated objects. In this study, we propose a model of chirality-
selective synchronized fluorescence (superfluorescence) that involves spirally configured quantum emitters at
the center of a spirally stacked metal nanostructure. The emitters mutually develop the correlation in time by
repeatedly exchanging the radiated photons, which experience the chirality of their environment. We numerically
show that the peak fluorescent intensity strongly depends on whether or not the chiralities of the emitters and the
metals match, even though the localized surface plasmon decays sufficiently at the positions of the emitters. Our
model of chirality-selective superfluorescence will provide an alternative tool for analyzing chiral interactions in
synchronization processes.
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I. INTRODUCTION

Chirality is a geometrical property of structures and phe-
nomena that is defined as the absence of mirror symmetry
[1,2]. Various phenomena to which chirality applies are
known in a wide variety of fields, such as chemistry, material
physics, optics, and biology [3–5]. In particular, the interplay
between chiral objects and light or electron spin is notable
because it produces remarkable physical and chemical phe-
nomena. For example, the processes by which the circular
dichroism (CD) of single molecules can be magnified is an
important topic in biology and analytical chemistry.

Recently, there have been many fascinating reports on
chiral interactions. For example, localized surface plasmon
resonance in nearby chiral metallic structures significantly
enhances molecular CD, wherein the interaction between the
induced polarizations of chiral molecules and the “superchiral
field” plays a significant role [6–13]. References [14–16] re-
ported that chiral light beams with orbital angular momentum
create chiral structures on metallic and polymer surfaces via
mass transport. In addition, electrons that pass through chi-
ral molecules such as DNA exhibit large spin polarizations
[17–20]. In Ref. [21], it was reported that the plasmonic
chiral field strongly affects the chiral crystallization of achi-
ral molecules, which could control the enantiomeric excess
ratio through the enhanced chiral field. Although the basic
mechanism underlying these chiral interactions is not fully un-
derstood, the dynamics that result from the interplay between
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the chiral environment and chiral objects is an important issue
in many scientific fields.

In this study, we consider the problem of how interparti-
cle correlations and synchronizations are affected by chiral
environments. Synchronization was first studied by Huy-
gens based on the motion of two pendulum clocks [22],
wherein the two pendulums coordinate their motions in union.
The synchronization between objects occurs through vari-
ous mechanisms, such as molecular-molecular interactions,
hydrodynamic effects of solvents, and emitted light fields.
Such synchronization should reflect the nature of the imme-
diate environment. As mentioned above, chiral environments
play significant roles in various physical and chemical pro-
cesses. In this study, we propose a model of a system that
intelligibly expresses the interplay between the chiral envi-
ronment and the cooperative phenomena within it. To use an
example of typical chiral cooperative effects, we focus on a
phenomenon called “superfluorescence” [23,24]. Superfluo-
rescence is a form of cooperative photoluminescence from
quantum emitters that occurs through multiple exchanges of
emitted photons. Superfluorescence has been studied for many
years since Dicke’s study, and many interesting studies on
it have been reported [25–33]. As an explicit model, let us
consider spirally configured emitters with right-handed and
left-handed chiralities. If we combine them with right- and
left-handed spirally arranged metallic structures, two cases
arise: (i) the chirality of the emitter configuration and that of
the metallic structures match (the parallel combination) or (ii)
they are opposites (the antiparallel combination). If the chiral
interactions between the emitters and the environment affect
the development of the interemitter correlations, the synchro-
nized fluorescence is expected to be different for different
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combinations. However, in investigating the effect of chiral
interactions, there are other factors that can possibly affect
the abovementioned difference. For example, if the emitters
encounter differently enhancements in the plasmonic fields
between the parallel and antiparallel combinations, or if the
fabricated samples have any fluctuations in terms of size or
position of building blocks (see Fig. 10 in Appendix C), the
effect of the chirality may be masked, which increases the dif-
ficultly in identifying pure chiral environment effects in the
observed difference, even if they are strong. Therefore, in this
study, we propose the design of “ideal models” to theoreti-
cally investigate the effects originating purely from chirality,
which aids in revealing the essences of chiral interactions in
chiral environments that would appear in actual experiments.
By using such a model, we study how the plasmonic boost-
ing of superfluorescence is selectively activated according to
whether the combination is parallel or antiparallel.

II. THEORETICAL METHOD AND MODEL

First, we describe our theoretical method. For the calcula-
tions of superfluorescence in the dispersed two-level particle
systems (emitters), we start with the Hamiltonian [34], which
is expressed as

Ĥ =
N∑
i

h̄ωiσ
i
10σ

i
01 +

∑
λ

∫
dkh̄ωkb†

kλ
bkλ

−
∫

dr
N∑
i

d̂ i · Ê(r), (1)

where σ i
10 and σ i

01 represent the ladder operators of the ith
emitter modeled by a two-level system; bkλ and b†

kλ
represent

the creation and annihilation operators of the photon, respec-
tively; λ is the index of the polarization direction; k is the
wave number; h̄ωi and h̄ωk are the energies of the two-level
particle at r = ri and the photon, respectively; and d̂ i and Ê
are the operators of the dipole moment of the ith emitter and
the electric field, respectively. The latter two variables are
expressed by

d̂ i = (
σ i

01 + σ i
10

)
d iδ(r − ri ), (2)

Ê(r) = i
∑

λ

∫
dk

√
h̄ωk

16π3ε0
[bkλ f kλ(r) − b†

kλ
f ∗

kλ(r)], (3)

where d i is the matrix of the transition dipole moment of
the ith emitter, ε0 is the vacuum permittivity, and f kλ(r) is
an eigenfunction satisfying Maxwell’s equations and is ex-
pressed as

∇ × ∇ × f kλ(r) − ε(r)
(ωk

c

)2
f kλ(r) = 0, (4)

where ε(r) is the dielectric constant of the medium at r. Hence,
f kλ(r) can be defined even for inhomogeneous media.

Next, we simultaneously solve the Heisenberg equa-
tions for the following elements: the photon density 〈b†

kλ
bkλ〉,

the photon-assisted polarization 〈b†
kλ

σ i
01〉, the excited-state

occupation 〈σ i
10σ

i
01〉, and the correlation between emitters

〈σ i
10σ

j
01〉. We apply the adiabatic approximation to the simulta-

neous equations. When the formation of polarization is faster
than other timescales, this approximation can be integrated in
typical exitonic systems. The validity for this approximation
is discussed in the previous studies [34,35]. Based on these
factors, the time derivative of 〈b†

kλ
σ i

01〉 becomes zero, and we
obtain the following stationary solution:

〈
b†

kλ
σ i

01

〉 = i

ωk − ωi

√
ωk

16π3ε0h̄

(
d i · f kλ(ri )

〈
σ i

10σ
i
01

〉 + N∑
m �=i

dm · f kλ(rm)
〈
σ m

10σ
i
01

〉)
. (5)

In addition, to describe the photon field, we define a dyadic Green’s function as

G(r, r′, ω) =
∑

λ

∫
dk

ωk f ∗
kλ(r′) f kλ(r)

16π3(ωk − ω)
. (6)

By combining Eqs. (5) and (6), we can describe 〈σ i
10σ

i
01〉 and 〈σ i

10σ
j

01〉 by

∂

∂t

〈
σ i

10σ
i
01

〉 = 2

h̄ε0
Im

[
d i · G∗(ri, ri, ωi ) · d i

〈
σ i

10σ
i
01

〉] + 2

h̄ε0

N∑
j �=i

Im
[
d j · G∗(r j, ri, ωi ) · d i

〈
σ

j
10σ

i
01

〉]
, (7)

∂

∂t

〈
σ i

10σ
j

01

〉 = i(ωi − ω j )
〈
σ i

10σ
j

01

〉

− i

h̄ε0

(
1 − 2

〈
σ i

10σ
i
01

〉)
d j · G∗(r j, ri, ω j ) · d i

〈
σ

j
10σ

j
01

〉 − i

h̄ε0

(
1 − 2

〈
σ i

10σ
i
01

〉) N∑
m �= j

dm · G∗(rm, ri, ω j ) · d i
〈
σ m

10σ
j

01

〉

+ i

h̄ε0

(
1 − 2

〈
σ

j
10σ

j
01

〉)
d i · G(ri, r j, ωi ) · d j

〈
σ i

10σ
i
01

〉

+ i

h̄ε0

(
1 − 2

〈
σ

j
10σ

j
01

〉) N∑
m �=i

dm · G(rm, r j, ωi ) · d j
〈
σ i

10σ
m
01

〉
. (8)
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Here, we have approximately factorized the correlation functions, e.g., 〈σ i
10σ

i
01σ

i
10σ

j
01〉 � 〈σ i

10σ
i
01〉〈σ i

10σ
j

01〉. We can solve this set
of simultaneous equations [Eqs. (7) and (8)] using the Runge-Kutta method. To visualize the dynamics of superfluorescence, we
calculate the emission intensity np(t ) using the time derivative of the photon density. By using 〈σ i

10σ
i
01〉 and 〈σ i

10σ
j

01〉 obtained
from Eqs. (7) and (8), we can calculate the emission intensity as follows:

np(t ) =
∑

λ

∫
dk

∂

∂t
〈b†

kλ
bkλ〉(t )

= 2

h̄ε0

N∑
i

Im

[ ∑
λ

∫
dk

ωkd i · f ∗
kλ(ri ) f kλ(ri ) · d i

16π3(ωk − ω)

〈
σ i

10σ
i
01

〉

+
N∑

j �=i

∑
λ

∫
dk

ωkd j · f ∗
kλ(r j ) f kλ(ri ) · d i

16π3(ωk − ω)

〈
σ i

10σ
j

01

〉]

= 2

h̄ε0

N∑
i

Im
[
d i · G(ri, ri, ωi ) · d i

〈
σ i

10σ
i
01

〉]

+ 2

h̄ε0

N∑
i �= j

N∑
j �=i

Im
[
d j · G(r j, ri, ωi ) · d i

〈
σ i

10σ
j

01

〉]
. (9)

Next, we explain how to renormalize the information on the environmental structure in the Green’s function. To convolve the
effect of the environmental (metallic) structure, we solve

G(r, r′, ω) = G0(r, r′, ω) +
∫

dr′′G0(r, r′′, ω)χ (r′′, ω)G(r′′, r′, ω) (10)

numerically [36], where G0 is the dyadic Green’s function in
a vacuum and χ is the susceptibility of the material that forms
the environmental structure. By using the discrete dipole ap-
proximation (DDA) [37] to solve this equation, we can obtain
the Green’s function for arbitrary geometric structures of
environmental materials. In the calculation of the DDA, we
recast Eq. (10) as a set of simultaneous equations of Green’s
functions for discretized cells as

G0
i j = Gi j −

∑
j′

V G0
i j′χ j′G j′ j

=
∑

j′

(
δi j′I − V G0

i j′χ j′
)
G j′ j

=
∑

j′
Ai j′G j′ j, (11)

where i and j are the indices of the discretized cells; G0
i j and

Gi j are discretized versions of G0(r, r′) and G(r, r′), respec-
tively; and I and V are the dyad and the volume of a single
cell, respectively.

Here, we describe our calculation model. In this study, we
constructed a reference model to examine the fluorescence of
parallel and antiparallel combinations of chiral structures. Fig-
ure 1 shows the calculation model. This system featured a chi-
ral emitter assembly that was combined with a spirally stacked
metallic structure, as shown in the diagram in Fig. 1(a). The
size of one piece of metal was 35 nm ×35 nm ×5 nm, and the
values of z shown in Fig. 1(b) indicate the positions occupied
by each piece of metal on the z axis. The size of the square
channel along the z axis in the center was 25 nm × 25 nm.
There was also a spiral emitter assembly, which consisted of

18 emitters, located at the center. Although larger structures
may exhibit more significant effects, we limited ourselves to
this size because of the computational load. Even if a pure
chirality effect was dominant in the actual experiments, it
would not be easy to identify if there were other effects aris-
ing from various kinds of fluctuations. Hence, the theoretical
examination of the effect plays a significant role in excluding
such effects through the utilization of the exact structure. To
this end, we carefully designed the model system so that
the distances between respective emitters and the pieces of
metal nearest to them were equal for both the parallel and
antiparallel combinations. We also ensured the same was true
for the sum of these distances. Therefore, the field enhance-
ment effect was exactly the same for both combinations of
chirality (see Appendix A for details). The effects of the
possible structural fluctuations that would appear in the actual
experiments are examined in Appendix C. In addition, we
assumed the polarizations of the emitters in each layer were
isotropic in the xy plane. Specifically, we placed two emit-
ters with uniaxial polarizations in the same location so that
their polarizations were orthogonal [Fig. 1(b)]. The proposed
structure is a layer-by-layer structure, and hence, the state-
of-the-art fabrication and manipulation technologies would be
able to produce structures similar to it [38]. Further, this sim-
ple planar-type model helped extract pure chirality-selective
effects and subsequently boost superfluorescence because it is
easy to set up parallel and antiparallel structures with the same
field enhancement effect. Material parameters are described in
Appendix B.

In our previous study, we developed the theoretical frame-
work to study the synchronization effects of arbitrarily
configured emitters in arbitrary dielectric environments [34].
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FIG. 1. (a) Diagram of the calculation model. The metallic struc-
tures were stacked to allow left-handed and right-handed structures
to be drawn around the z axis. The light emitters were also arranged
in the same way. (b) Top view and (c) side view of the calculation
model. The value of z in the figure indicates the position of each
piece of metal for the left-handed structures in the direction of the z
axis. The polarization of the emitters in each layer was isotropic in
the xy plane.

This revealed a superfluorescence arising from the enhanced
correlation that occurred via the confined radiation modes.
In the model used in the present study, a different type of
enhancement was expected to originate from the enhanced
chiral field via plasmonic resonance. For a clear demonstra-
tion of chirality-selective effects, we chose the parameters for
quantum dots with larger dipole moments among those re-
ported to exhibit superfluorescence with less than ten particles
within one wavelength [39]. Considering this point and the
plasmonic resonance energy of the model used in this study,
we assumed the dipole moment to be 47.5 D and the resonant
energy to be 1.0 eV. Regarding decoherence and nonradiative
decay channels, we do not explicitly include them in this
model. It is known that if

√
τRτD < T2, superfluorescence (SF)

FIG. 2. The time profile of the intensity of the superfluorescence
for the following two conditions: (a) the chiral emitter assembly in a
vacuum and (b) the chiral emitter assembly surrounded by the chiral
metallic structures. I1 is the initial value of the intensity of one emitter
in a vacuum. We normalized the emission intensity np [in Eq. (9)]
using I1. We also normalized the time using τ (0.27 ns), which is the
radiative lifetime of the emitter in a vacuum.

occurs [40], where τR, τD, and T2 correspond to the cooper-
atively radiative decay time of populations in excited states
of emitters, the onset time for cooperative emission, and the
dephasing time determined by the pure dephasing and nonra-
diative population decay, respectively. In the present study, we
consider the case where

√
τRτD is significantly shorter than T2

because of the plasmonic boosting of cooperation of emission.
Thus, the decoherence and the nonradiative decay do not play
an essential role though they might reduce the intensity of SF
to some extent.

III. RESULTS

In the following calculations, we examined the fluores-
cence dynamics just after the strong excitation of the system.
Thus, we adopted the initial conditions 〈σ i

10σ
i
01〉 = 1 and

〈σ i
10σ

j
01〉 = 0 for Eqs. (7) and (8), respectively. Namely, we

assumed that all the emitters are in the excited state and
that there is no correlation between the emitters at the initial
stage. We normalized the time using the radiative lifetime of
the emitter τ in a vacuum, which is 0.27 ns for the present
parameter of the dipole moment. Figure 2(a) shows the time
profile of the emission intensity of the chiral emitters in the
absence of the metallic structures. The results show the typ-
ical time profiles of the superfluorescence; in this case, the
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left-handed and right-handed structures have the same time
profiles. Figure 2(b) shows the time profiles for the chiral
emitters that were surrounded by the chiral metallic structures.
The emission intensity was increased by several orders of
magnitude compared to that in the absence of the metallic
structures.

This large enhancement in the superfluorescence was due
to the enhanced field that was generated via plasmonic res-
onance, which caused the correlations between the emitters
to be strengthened significantly. The identification of the field
enhancement effect for both combinations can be verified by
the fact that the initial intensities of the fluorescence for both
combinations were exactly the same. In contrast, the peak
values of the intensity for the parallel and antiparallel systems
were different. In the calculation model, this difference was
about 20%, which represents a value approximately 300 times
larger than the peak value of the superfluorescence in the ab-
sence of the metallic structures. As mentioned above, the field
enhancement effect equally affected the emitters in the paral-
lel and antiparallel systems. Therefore, we conclude that the
growth of the correlation between the emitters plays a signifi-
cant role in chirality-selective superfluorescence. In particular,
because of the mutual interplay between the two kinds of chi-
ralities (that of the emitters and that of the metallic structure),
the parallel system exhibits stronger correlation and more
superfluorescence than the antiparallel system. Then, the main
problem that is to be elucidated is how the parallel combi-
nation greatly enhances the superfluorescence. (Here, we do
not compare these results with those of an achiral emitter
assembly in the chiral metallic structures because it is difficult
to set up the condition with the same field enhancement effect
as that of the chiral case.)

IV. DISCUSSIONS

A. Role of correlations

To address the aforementioned issue, we examined the role
of correlations in chirality-selective superfluorescence. First,
we examined the case in which we reduced the dipole moment
to 27.4 D (we increased the radiative lifetime of the emitter by
a factor of 3). Namely, this case assumes a weak correlation
between emitters. Figure 3(a) shows the time profile of the
superfluorescence under this condition. Although the intensity
and the decay time were boosted by the Purcell effect [41],
namely, the spontaneous emission rate is enhanced by the
enhanced field near the metallic structures, the characteristics
of superfluorescence were imperceptible in this case. Impor-
tantly, almost no chirality-selective behavior was detected.
This indicates that the chiral selectivity was triggered only
through the correlation between the emitters. Furthermore, we
examined the system in which we neglected the correlation
terms in the calculation. In this case, the time profiles for both
combinations of chirality became entirely those of boosted
spontaneous emission caused by the Purcell effect, and no
difference appeared between them [Fig. 3(b)]. These results
suggest that the difference in superfluorescence caused by
chirality arose from the different quantum correlations that
appeared according to the combination of the chiralities of the
emitters and metallic structures. Thus, in the present model,
the field enhancement effect of the localized surface plasmons

FIG. 3. (a) The time profile of the intensity of the superfluores-
cence when there is weak correlation between the emitters. (b) Time
profile of the intensity of the superfluorescence when there is no
correlation between the emitters.

alone did not cause the difference in superfluorescence be-
tween the different combinations of chiralities.

We analyzed the chirality-selective behavior of the cor-
relations through the following procedure. We divided the
whole system into nine layers, as shown in the legend of
Fig. 4(a). Let us represent the correlation 〈σ i

10σ
j

01〉 between the
emitters in the parallel (antiparallel) combination as Cpar(ant)

i, j .

In addition, consider C̃par(ant)
i = ∑

j( �=i) |Cpar(ant)
i, j |. The time

profile of C̃par
i -C̃ant

i is plotted in Fig. 4(a), which shows that
at approximately t/τ = 0.0002, where the emission inten-
sity peaks [Fig. 2(b)], the correlations for the parallel case
were more strongly enhanced than those for the antiparallel
case. In particular, C̃i near both sides of the stacked struc-
tures exhibited a large difference between the parallel and
antiparallel cases. The maximum value of the correlation also
demonstrated a clear difference [Fig. 4(b)]. In the parallel
case, the maximum value of correlation was lower in the first
and ninth layers than in the other layers. In the antiparallel
case, a similar tendency was observed in additional layers
(i.e., the first, second, eighth, and ninth layers). Rather than
having a uniform correlation throughout the illuminant, the
correlation between the emitters exhibited local differences
within the whole structure. Thus, the key to understanding
the chirality-selective enhancement of superfluorescence is
the local behavior of the correlation.

B. Local behavior of correlations

For a given layer, each emitter’s excited-state occupation
as a function of time behaved differently for the parallel and
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FIG. 4. (a) Time variation of the absolute value of the correlation
C̃par

i -C̃ant
i for each layer i. The shading of the lines and the types

of symbols in the graph correspond to the positions of the emitters
shown in the legend. (b) Maximum value in the time variation of the
correlations C̃par

i and C̃ant
i for each layer i. For all layers, the parallel

system has a stronger correlation between the emitters.

antiparallel cases. Figures 5(a) and 5(b) show the time varia-
tion of the excited-state occupation for each of the 18 emitters
in the parallel and antiparallel cases. As shown in Fig. 5(a), 16
emitters decayed quickly and the 2 emitters at the edge layers
decayed much more slowly than the other 16. In contrast,

FIG. 5. Time variation of the excited-state occupation of each
emitter for the (a) parallel and (b) antiparallel combinations of the
chiral structures. The numbers in the legend indicate the emitter layer
on which the detector was placed. Solid and dotted lines of the same
color indicate emitters in the same layer.

Fig. 5(b) shows that the 5 emitters at the two edge layers
decayed more slowly than the other 13. This result indicates
that the correlation between the emitters was easier to form
for the parallel case and that a higher number of emitters
contributed to the superfluorescence. This local imbalance
in creating correlations between the parallel and antiparallel
combinations was significant for the chirality-selective super-
fluorescence.

Next, we examine how the local imbalance in creating cor-
relations occurred by examining the polarization distribution
in the local field around the emitters. The calculation model
is shown in Figs. 6(a) and 6(b). The whole structure was
divided into nine layers in the z direction, and we placed
a detector in each layer and calculated the polarization dis-
tribution of each layer (the position of the detector in the
xy plane was the center of the system). The detector was
modeled by an emitter with a specific polarization direction.
Its dipole moment was set to be small so that it did not affect
the fluorescent behavior of the other emitters. (We reduced
the dipole moment to 47.5 × 10−3 D.) After setting the de-
tector’s initial excitation occupation to 0 [〈σ D

10σ
D
01〉 = 0 for

Eq. (7)], we monitored the occupation in the time domain.
By changing the direction of the detector polarization, we
obtained the polarization distribution of the local field in each
layer. Figures 6(c) and 6(d) show the results. For the parallel
case shown in Fig. 6(c), the first and ninth layers, which were
located at the edges of the structure, had a strong polariza-
tion component in a direction different from that of those
in layers 2–8. In contrast, for the antiparallel case shown in
Fig. 6(d), the polarization components in layers 1, 2, 8, and 9
were significantly different from those in other layers. There
was no significant difference in the polarization distributions
between layers 2–8 (in the parallel case) and layers 3–7 (in
the antiparallel case). The y component was slightly stronger
due to the fact that the geometrical relation between the chiral
emitter assembly and the chiral metallic structures was not
xy symmetric even though the effect of the localized field
was completely identical for all the emitters. As shown in
Fig. 1(b), the emitters in each layer were isotropic in the
xy plane in terms of polarization. However, for the polariza-
tion distributions for the respective (independent) two-layer
structures [Figs. 6(e), 6(f), and 6(g)], the polarization was as
strongly biased as those at the edges of the structure. Thus,
we know that the polarization distributions were aligned by a
cooperative effect due to the correlation between the layers,
particularly the inner layers, and this generated strong super-
fluorescence. However, this alignment was not sufficient at the
edge layers. Furthermore, this insufficiency was larger for the
antiparallel case because it had a lower correlation compared
to that of the parallel case. Thus, the local chirality-induced
differences seen in the correlation caused large differences
in the emission intensities, which can be seen in Fig. 2(b).
We expect that this elucidation of the mechanism will lead
to the guiding principle for exploiting more chirality-selective
superfluorescence phenomena and their applications.

V. SUMMARY AND CONCLUSION

In summary, we have demonstrated a chirality-selective en-
hancement of superfluorescence by using a model of spirally
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FIG. 6. (a) Calculation model for the polarization distribution in the local field of the emitters. As indicated by the callouts in the figure,
the direction of the polarized axis (light-colored arrows) of this detector rotates in the xy plane. (b) Top view of the calculation model. We
placed the detector at the center of the calculation model in the xy plane. For graphs (c), (d), (f), and (g), the polarization distribution in the
fluorescent field (estimated from the excited-state occupation in the time domain for each polarization direction of the detector) is plotted. The
distance from the origin to each point on the circle indicates the estimated intensity of the field when the detector’s polarization is parallel to
the line from the origin to this point. The colors and symbols of the lines in the graphs represent the layers on which the detector was placed.
The numbers in the legend indicate the corresponding layers. For each layer, the magnitude of the polarization distribution in the xy plane was
normalized according to the length of the short axis. Polarization distribution in the local field of the emitters for the case of (c) parallel and
(d) antiparallel combinations of chiral structures. (e) Top view of the calculation model with only two layers (the placement of the pieces of
metal and the emitters indicates the parallel configuration). Polarization distribution in the local field of the emitters for a two-layer structure
for the (f) parallel and (g) antiparallel cases.

arranged emitters and stacked metallic structures. To extract
a pure chirality effect, we carefully designed the model so
that the effect of the plasmonic resonance-induced local field
enhancement on the emitter assembly was strictly the same for
the parallel and antiparallel chiral configurations of the emitter

assembly and surrounding metallic structures. The superflu-
orescence of the chiral emitter assembly was significantly
enhanced by the surrounding metallic structures because of
the localized surface plasmon resonance. Furthermore, for
the parallel configuration, the enhancement was greater than
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FIG. 7. Arrangement of the emitters and metal pieces for each layer. These figures show the arrangement of the metal pieces in the
left-handed chiral metal structure.

that for the antiparallel configuration. This chirality-selective
enhancement of the superfluorescence occurred because the
quantum correlations between the emitters were stronger for
the parallel configuration. In this cooperative process, the
polarization distributions of the different layers were aligned.

FIG. 8. The side view of the calculation model. Compare each
emitter of the left- and right-handed helix that the callouts indicate;
the sum of the distances between the emitter and each metal piece is
the same.

However, this alignment was weaker in the antiparallel case
than it was in the parallel case.

Although in this study we employed a specific model, we
discovered the general mechanism behind chirality-selective
many-body cooperative effects; that is, the chiral interplay
between the matter system and the immediate environment
creates chirality-selective superfluorescence. This finding will
contribute to elucidation of the mechanism of chiral interac-
tion between matter systems and field as environment from
a fundamental viewpoint, as well as to the development of
various applications such as highly sensitive chiral sensing
techniques and chiral light source [42] based on the cooper-
ative emission. Despite the fact that the results revealed the
general mechanism behind chirality-selective cooperative ef-
fects, the model presented in this study is limited to a specific
set of material parameters. In the level structure of emitters,
this study deals with independent two-level systems, but when
dealing with multilevel systems, we can expect a further im-
pact on superfluorescence [26,43]. Hence, to explore more
efficient and robust effects, further studies on additional types
of system designs with different shapes, sizes, and types of
emitters are required. We expect that the findings of this study
will trigger future theoretical and experimental studies.
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FIG. 9. (a) Spectrum of enhancement in d i · G · d i in Eq. (9).
(b) Spectrum of enhancement in d i · G · d j in Eq. (9). (c) Spectra
of the absorption cross section of the spirally arranged metallic
structures. We calculate the absorption cross section across the entire
metal structure. (d) Spectrum of the differences in the enhancement
of the electric field (|E|2/|E0|2). The electric field intensity at all
the emitters’ positions are summed. |E|2 is in the presence of the
metallic structure and |E0|2 is in a vacuum. (c, d) The left-handed
metal structure (not including the spirally configured emitters) was
irradiated with left- or right-circularly polarized light. The incident
light propagated in the direction of the positive z axis.
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APPENDIX A: DETAILS OF THE MODEL SYSTEM

In this study, we consider a sort of “ideal model” in which
the distance between each emitter and its nearest metal piece
is equal for parallel and antiparallel combinations. Then,
neglecting the correlations between the emitters, the entire
metal structure should act on the fluorescence for both the

FIG. 10. Schematic of sample fluctuations of metallic structures.
We shift the position of each metal piece by 1 nm according to the
Gaussian distribution in the xy plane.

combinations equally. One can confirm the equivalent effect
of the plasmon-induced field enhancement for the different
combinations of chiral structures by exactly the same rising
behaviors of the emission time profile in Fig. 2(b) in the
main text. With this model, we extract the effect of chirality
coupling on the formation of the correlations between the
emitters. The specific configuration is described below.

Figure 7 shows the arrangement of the emitters and a metal
piece in each layer for the left-handed chiral metal structure.
The arrangement of each layer has four patterns. The position
of the nth emitter (in the nth layer), with the center of the
metallic structure as the origin, can be expressed as follows:
rn = [2sin( πn

2 ),∓2cos( πn
2 ), 5n − 2] (nm). Here ∓ represents

the left-handed and right-handed rotation of the helix direction
of the emitters. In the odd layers, the positions of the emitters
are the same for the left- and right-handed helix. In the even
layers, although the positions of the emitters are different,
the distances between the respective emitters and the nearest
metal piece are the same. We construct the entire structure
with nine layers as shown in Fig. 8 so that the sum of the dis-
tances between respective emitters and metal pieces is equal
for the parallel and antiparallel combinations. For example,
the sum of the distances between the emitter in the second
layer and the metal pieces is different for the left-handed helix
and the right-handed helix. However, comparing the emitter
located at the second layer in the left-handed helix and the
emitter located at the eighth layer in the right-handed helix,
the respective sums of the distances between the respective
emitters and metal pieces are the same. For other layers, there
are layers where the sum of the distance between the emitter
and the metal pieces is the same. Considering all the emitters
and metal pieces, the sum of their distances is designed to
match in either combination. The identification of the field
enhancement effect for both combinations can be verified by
the fact that the initial intensities of the fluorescence for both
combinations were exactly the same as seen in Fig. 2(b) in the
main text.
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APPENDIX B: PARAMETERS OF EMITTERS
AND METAL STRUCTURES

Regarding the parameters of the emitters, we assume quan-
tum dots with a resonance energy of 1.0 eV and a dipole
moment of 47.5 D. We assume that the metal is Au, and
the dielectric constant is given by the Drude model, which is
expressed as

χ (ω) = εAu − 1.0 − ω2
Au

ω2 + iω
(
γbulk + ν

Leff

) , (B1)

where εAu is the background dielectric constant of Au,
h̄ωAu is the bulk plasma frequency, h̄γbulk is the electron-
relaxation constant, ν is the electron velocity at the Fermi
level, and Leff is the effective mean free path of the elec-
trons. We use the following parameter values: εAu = 12.0,
h̄ωAu = 8.958 eV, h̄γbulk = 72.3 meV, ν = 0.9215 nm eV,
and Leff = 20 nm [44]. In this demonstration, we choose the
resonance energy of emitters so that it is covered by the
resonance peak of the spectra of d · G · d values [Eq. (9)]
shown in Fig. 9(a) for the metallic structure depicted in
Fig. 1 in the main text. Figures 9(a) and 9(b) indicate that a
strong enhancement occurs for d · G · d values around 1.0 eV.
Figure 9(c) shows the spectra of the absorption cross sec-
tions of the spirally arranged metallic structures, and Fig. 9(d)
shows the difference between the enhancement in the elec-
tric field at the position of the spirally arranged emitters
when the left-handed metal structure is irradiated with left-
or right-circularly polarized light. The incident light propa-
gates in the direction of the positive z axis. In both figures,
the difference appears when the incident light has an en-
ergy of approximately 1.0 eV as well as the intensity of
superfluorescence.

APPENDIX C: INFLUENCE OF SPATIAL FLUCTUATIONS
OF CHIRAL METALLIC STRUCTURES ON

CHIRALITY-SELECTIVE SUPERFLUORESCENCE

Here, we examine how the sample fluctuations affect
the appearance of the chirality-selective superfluorescence.

Although there are some types of sample fluctuations, we
consider the positional fluctuations of metal blocks in the xy
plane that would influence the effect arising from plasmonic
enhancement most seriously. As shown in Fig. 10, we shift the
position of some randomly chosen metal pieces among nine
[Fig. 7(a)] according to the Gaussian distribution in the xy
plane. Since a side of the cell cube of DDA calculation is 1 nm,
the positional shift of each metal piece toward one direction
is by 1 nm. Considering such fluctuations of the position of
the metal pieces, we compare the emission intensity in the
parallel and antiparallel cases. We calculated 50 trials with a
variance value in a Gaussian distribution of σ 2 = 0.25. For
this variance value, the average of the total fluctuations in the
position of the nine metal pieces is about 3.8 nm. In this case,
the average difference in maximum value of emission inten-
sity between the parallel and antiparallel cases is about 5.2%.
This average difference in emission intensity is about 50 times
larger than the peak value of the superfluorescence in itself in
the absence of the metallic structures [in Fig. 2(a) in the main
text]. Thus, the difference in chirality-selective enhancement
in emission intensity is significant even for this case. For 50
trials with a variance value in a Gaussian distribution of σ 2 =
0.5 (in this case, the average of the total fluctuations in the
position of the nine metal pieces is about 8.2 nm), the average
difference in maximum value of emission intensity between
the parallel and antiparallel cases is about 1.3%. The origin of
this decrease of emission difference is more rapid reduction
of the correlation among emitters for the parallel case than
for the antiparallel case due to fluctuation. This difference is
still larger than the peak value in the absence of the metallic
structures and an ensemble of this composite structure would
show a significant chiral selectivity. However, we understand
from this result that a fluctuation smaller than σ 2 = 0.5 is
favorable for the clear observation of chirality-selective su-
perfluorescence. Note that the reason for this seemingly severe
condition is due to the smallness of the calculation model. The
relative accuracy of the fabrication of a larger system is much
higher. Thus, this required condition is not so hard as in this
demonstration in reality.
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