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We demonstrate single-photon superradiance from artificially constructed nonbonded zinc-phthalocya-
nine molecular chains of up to 12 molecules. We excite the system via electron tunneling in a plasmonic
nanocavity and quantitatively investigate the interaction of the localized plasmon with single-exciton
superradiant states resulting from dipole-dipole coupling. Dumbbell-like patterns obtained by subnan-
ometer resolved spectroscopic imaging disclose the coherent nature of the coupling associated with
superradiant states while second-order photon correlation measurements demonstrate single-photon
emission. The combination of spatially resolved spectral measurements with theoretical considerations
reveals that nanocavity plasmons dramatically modify the linewidth and intensity of emission from the
molecular chains, but they do not dictate the intrinsic coherence of the superradiant states. Our studies shed
light on the optical properties of molecular collective states and their interaction with nanoscopically
localized plasmons.
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When N two-level emitters undergo dipole-dipole cou-
pling, new collective states are formed as a result of
quantum superposition of product states with well-defined
phases [1–5]. Such coherent intermolecular dipole-dipole
interactions can lead to various phenomena such as
coherent energy transfer, photosynthesis, and new quantum
engineered systems [6–10]. One of the interesting features
of quantum coherent collective states is single-photon
superradiance (SPS), namely, the generation of a singly
excited symmetric collective state [1,11,12]. However,
quantitative studies of SPS in molecular systems confront
challenges concerning the precise control and characteri-
zation of intermolecular dipole-dipole coupling, including
the number of coupled monomers (N), intermolecular
distances, dipole arrangements and orientations, as well
as their phase relations. Furthermore, it would be highly
desirable to have optical access to each individual con-
stituent of a molecular system such as a chain.
Scanning tunneling microscopy (STM) can be used with

unprecedented control to assemble molecular chains and to
study their electroluminescence properties [13,14], includ-
ing single-photon emission [15,16]. Nanoscopic plasmonic
antennas and cavities have been used in the past decade to
enhance absorption and emission properties of molecules
and molecular complexes [17,18], for example, for improv-
ing light-harvesting performance [19,20]. Indeed, if the
STM tip and the underlying substrate properties are
properly chosen to support nanocavity plasmons (NCP),

the plasmonic enhancement can be exploited to unveil the
local optical properties of individual molecules upon highly
localized excitation of tunneling electrons [13,21–26].
Recently, by utilizing single-molecule manipulation and
enhancement in a plasmonic nanocavity, we demonstrated
direct real-space visualization of coherent dipole-dipole
coupling and associated collective states in constructed
molecular dimers [13].
In this work, we construct long nonbonded molecular

chains with up to 12 molecules and probe their light
emission properties via STM-induced luminescence
(STML). By employing subnanometer resolved fluores-
cence imaging and spectroscopy [13,14,27,28] combined
with subnanosecond resolved photon correlation measure-
ments [15,16,29], we demonstrate SPS from the constructed
molecular chains and quantitatively explore the influence of
the NCP on the SPS behavior for different molecular chain
lengths. In particular, we investigate the origin of coherence
for the superradiant states and the evolution of spectral shifts,
linewidths, and emission intensities.
Figure 1(a) shows the schematic of the STML experi-

ments on an ordered zinc-phthalocyanine (ZnPc) molecular
chain by adopting a combined strategy of electronic
decoupling and plasmonic enhancement [13,21,23,25,26,
30–32]. A silver tip and a silver substrate were used
to provide strong emission enhancement by nanocavity
plasmons upon proper tuning to resonate with molecular
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fluorescence. The experimental methods and conditions are
detailed in Sec. S1 of Ref. [33].
In order to explore the spectral evolution of the super-

radiant states in a systematic manner as a function of the
molecular chain length, the numbers of coupled monomers
were varied from N ¼ 2 to 12 through STM manipulation.
Figure 1(b) displays the examples of the STM images of
ordered chains with nearest-neighbor molecules in close-
contact configuration at a center-to-center distance of
∼1.45 nm. Figure 1(c) shows the evolution of the STML
spectra along with increasing N, where the chain was
excited at the terminal molecule (n ¼ 1) and the lumines-
cence was collected from a diffraction-limited spot by a
lens. According to our previous understanding of the
coherent intermolecular dipole-dipole coupling [13], the
emission peak that is the strongest in intensity and lowest in
energy for a given molecular chain length can be assigned
to the in-line in-phase superradiant state. Thus, a striking
feature of Fig. 1(c) is that superradiant peaks become
narrower and redshifted with increasing chain lengths. The
Qð0; 0Þ emission peak for an isolated ZnPc monomer is at
∼1899.6 meV with a linewidth ∼10.8 meV, while the
superradiant peak for the molecular chain of N ¼ 12 is

redshifted to ∼1868.4 meV with a greatly narrowed line-
width ∼1.2 meV (Sec. S2 of Supplemental Material [33]).
In order to visualize how the nanoscopic picture of the

intermolecular dipole-dipole coupling evolves in real space
with increasing chain lengths, we carried out spatially
resolved spectroscopic imaging over each constructed
ZnPc chain [13]. In Fig. 1(d), we plot the superradiant
emission intensities of a single chain detected in the far
field as a function of the location of electronic excitation.
The spectroscopic images for the superradiant peaks of
ZnPc molecular chains exhibiting centrosymmetric dumb-
bell-like node patterns are evidently different from that of
an isolated ZnPc monomer. To investigate the underlying
physics at hand, we performed simulations for molecular
chains considering intermolecular dipole-dipole coupling.
The very good agreement of the simulated spectroscopic
images (Sec. S3 of Supplemental Material [33]) with the
experimental photon images in terms of both the positions
and numbers of emission nodes and antinodes provides a
clear indication of the coherent in-line in-phase intermo-
lecular dipole-dipole coupling over the molecular chains.
This in turn supports the assignment of the strongest
emission peaks as the superradiant states. In addition,
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FIG. 1. (a) Schematic of STML from ZnPc molecular chains on NaCl=Agð100Þ. The nanocavity discussed here refers to the STM
junction defined by the STM tip and metal substrate. Inset, ZnPc molecular structure. (b) STM images of ZnPc molecular chains of up to
12 monomers (−2.5 V, 2 pA). (c) Typical STML spectra acquired from different molecular chains by exciting the molecular chains
above the positions marked by “×” in (b) (−2.5 V, 200 pA, 20 s). The superradiant peaks of different molecular chains are indicated by
arrows. The emergence of the relatively weak high-lying emission peaks (evident here for N ¼ 6–12) is associated with other dipole-
dipole coupling configurations [13]. (d) Experimental photon images for the superradiant states of the ZnPc chains (−2.5 V, 200 pA, 3 s
per pixel).
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since the spatially resolved imaging patterns reflect the
real-space distribution of photon yields for the superradiant
states, the global emission maxima directly reveal the most
efficient excitation positions for the controlled generation
of such superradiant states, namely, on top of the terminal
molecules for N ¼ 2–4 and above the molecules next to the
terminals for N ¼ 5–12.
In order to examine whether the superradiant states of

the molecular chains are single-exciton states, we per-
formed photon correlation measurements using a home-
built Hanbury Brown–Twiss (HBT) setup to characterize
the photon emission statistics [15,16]. Figure 2 shows the
second-order correlation function [gð2ÞðτÞ] measured for
the superradiant emission from different ZnPc chains
(N ¼ 1–12) by positioning the STM tip above the global
emission maxima in Fig. 1(d) (also marked by “×” in the
inset STM images of Fig. 2) to achieve the strongest
emission for each superradiant state. Evident antibunching
dips were observed in gð2ÞðτÞ at zero delay for all molecular
chains. As shown in Fig. 2, by fitting the experimental
curves with a single exponential function gð2ÞðτÞ ¼ 1 −
½1 − gð2Þð0Þ�e−jτj=τ0 [56], gð2Þð0Þ values were all found to be
below the single-photon purity threshold of 0.5 (more
details in Sec. S4 of the Supplemental Material [33]), which
is a clear indication of single-photon emission [16,57], thus
testifying to the occurrence of SPS and the formation of
single-exciton superradiant states for molecular chains under
localized electronic excitation. We point out in passing that
these measurements require an exquisite control over the
tip stability for a long time since all the STM manipulation,
STML spectra, and HBT measurements for the molecular

chains fromN ¼ 2–12 have to be achieved with the same tip
condition.
Notably, the observation of SPS provides a direct

experimental proof that a molecular chain with coherent
dipole-dipole coupling, once excited, should be treated as
a whole and considered as a single quantum system.
The picture we have established for the single-exciton
superradiant state, a symmetric quantum superposition of
products of states of molecular monomers, lays the basis
for the quantitative analysis of the spectral evolution of
molecular chains in the plasmonic nanocavity, as detailed
here (more details in the Supplemental Material [33]).
Previous theoretical studies reported that the presence of

plasmonic nanostructures could induce cooperative emis-
sion of nearby emitters such as superradiance due to the
exchange of virtual plasmons [58,59]. If the NCP played a
key role in the generation of superradiance in molecular
chains, the coherence length should be similar to the spatial
extension of the NCP field (less than 10 nm) [24,60,61].
In other words, once the length of a molecular chain grows
beyond the range of the NCP field, one would not expect
any discernable spectral shift of the superradiant peak
because the monomers positioned outside the NCP field
cannot be coupled to other monomers through the NCP.
Considering that the chain lengths of ∼10–16 nm for N ¼
8–12 are evidently larger than the spatial extension of the
NCP at a STM tip, the experimental observation of a
monotonic spectral shift from N ¼ 2 to N ¼ 12 in Fig. 1(c)
and Fig. 3(a) shows that the coherence of the superradiant
states in our molecular systems is not dictated by a
plasmon-mediated mechanism. In addition, the centrosym-
metric dumbbell-like node patterns in the photon images of
the superradiant states indicate that the coherent coupling
nature is extended to the whole molecular chains for N ¼
2–12 [Fig. 1(d)], regardless of whether the monomers in
molecular chains are within or outside the spatial range of
the NCP field.
Indeed, the shift of the STML superradiant spectral

peaks for different ZnPc chain lengths can be well
explained by only considering the intermolecular dipole-
dipole coupling model. As shown in Fig. 3(a), the super-
radiant peaks keep shifting to the red as the chain length
increases with respect to the peak position of an isolated
ZnPc monomer, but with an ever-decreasing amplitude.
The outcome of simulations based on the nearest-neighbor
interaction alone predicts such a shift [blue curve in
Fig. 3(a)]; however its trend is found to deviate from the
experimental data. Considering our previous experimental
knowledge that spectral changes can occur for intermo-
lecular distances up to ∼2.8 nm [13] and the fact that the
center-to-center distance of the second nearest-neighbor
monomers in our constructed molecular chains amounts to
∼2.9 nm, we also explored the interactions among the
second nearest-neighbor monomers in a theoretical model.
By treating this interaction as a perturbation [33], the
outcome of such a calculation [the red curve in Fig. 3(a)]
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FIG. 2. Second-order correlation functions gð2ÞðτÞ for different
ZnPc chains (N ¼ 1–12) (−2.5 V, 200 pA,). The gð2Þð0Þ values
for different ZnPc chains are listed. Two factors that cause
deviations of gð2Þð0Þ from the ideal value of zero are the temporal
resolution of the HBT setup and the fluorescence background
from NCP [16].
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agrees nicely with the experimental data. This lets us
conclude that the coherent intermolecular dipole-dipole
interaction plays the dominant role in the generation of the
superradiant states and the resultant spectral redshifts,
overwhelming other contributions of spectral shifting from
plasmon-mediated interactions [58] or the collective Lamb
shift [62,63] (more details in Sec. S5 of the Supplemental
Material [33]).
Although the NCP is not involved in the generation

of the superradiant states, the nature of its localized
enhancement can modify the emission behavior of a chain,
particularly on the spectral linewidth and emission inten-
sity, as illustrated in Figs. 3(b) and 3(c). Figure 3(b) shows
that the full width at half-maximum (FWHM) of the
superradiant peaks decreases with increasing N (the black
squares). The observation of linewidth narrowing is quali-
tatively similar to that observed in the J-band superradiant
peaks of molecular aggregates [8], which has been widely
discussed in the context of exchange narrowing models
based on either the interaction of identical molecular
monomers through vibrations or the statistically distributed
electronic energies of rigid molecular monomers [64,65].
Interestingly, all the exchange narrowing models predict an
N−0.5 relation for the dependence of the linewidth on the
number of monomers in a chain [65]. However, the spectral
linewidths measured in our case follow anN−1.1 trend [green
dotted curve in Fig. 3(b)], which is evidently different.
The failure of the exchange narrowing model suggests

that the NCP field may play a role in the observed linewidth
narrowing. To account for the influence of the inhomo-
geneous NCP field [illustrated in Fig. 4(a)], we propose a
hybrid model by considering both the linewidth contribu-
tions from the dephasing [26] that results in the exchange
narrowing and the site-dependent decay rates of coupled
ZnPc monomers with respect to the position of the STM tip
(namely, the plasmonic nanocavity). As detailed in Sec. S3
of the Supplemental Material [33], the linewidth Γtot

supðNÞ of
a superradiant peak for a chain withN monomers is the sum
of dephasing contributions Γde

supðNÞ, the radiative decay rate
Γr
supðNÞ, and nonradiative decay rate Γnr

supðNÞ, and it could
be expressed as

Γtot
supðNÞ ¼ Γde

supðNÞ þ Γr
supðNÞ þ Γnr
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where cn refers to the probability amplitude of the nth
monomer for the superradiant state with jcnj2 standing for
the exciton occupation probability, Γde

mono refers to the
dephasing contribution of an isolated ZnPc, and Γr

n (Γnr
n )

refers to the radiative (nonradiative) decay rates of an
isolated ZnPc placed at the site of the nth monomer. We
used electromagnetic simulations to examine the influence
of the NCP on the evolution of Γr

n and Γnr
n as a function of

the chain length presented in Fig. 4 [33]. As illustrated by
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the red curve in Fig. 3(b), the linewidths calculated by our
hybrid model are in fair agreement with the measured data.
To decipher the contributions of radiative and non-

radiative decay as well as dephasing to the linewidth, we
combined the results of our simulations with the measured
Fano spectral features for a monomer as a function of the
lateral tip position, as detailed in Sec. S3 of the
Supplementary Material [33]. We found that the NCP-
enhanced decay rate of ∼8.5 meV makes a dominant
contribution to the linewidth ∼10.8 meV for a single
monomer under the STM tip, leaving a minor contribution
of ∼2.3 meV to arise from dephasing. Thus, the observed
linewidth narrowing with increasing N could be roughly
understood as follows. As illustrated in Fig. 4(a), different
monomers in a molecular chain experience an inhomo-
geneous electromagnetic environment generated by the
highly localized NCP enhancement. For the few molecules
close to the tip, both the radiative and nonradiative decay
rates are greatly enhanced, making a dominant contribution
to the linewidths. The NCP-modified decay rates of the
monomers far away from the tip, however, make a minor
contribution to the linewidths. In Fig. 1(a), the tip is
positioned above a terminal ZnPc monomer (n ¼ 1).
With increasing chain lengths, the exciton occupation
probabilities summed over the ZnPc monomers with
broader linewidths close to the tip decrease [exemplified
in Fig. 4(d)]. Thus, the total linewidths for the superradiant
peaks reduce with increasing N.
The localized NCP enhancement also affects the evolu-

tion of the emission intensities for the superradiant peaks
of different molecular chains. As shown in Fig. 3(c), the
emission intensities first rise with the increase in N, reach a
maximum value at about N ∼ 4 and then decrease with a
further increase of N. Such an observation is different from
the conventional SPS in atomic systems where the emission
intensities are proportional to the number of coupled atoms
[11]. As detailed in Ref. [33], the intensity evolution
observed here is associated with two factors. First, the
coherent in-line in-phase dipole-dipole coupling tends to
form a large transition dipole, which would increase the
radiative decay rates for the molecular chains in a homo-
geneous field. Second, only the few monomers underneath
the STM tip can make substantial contributions to the
emission intensities due to the inhomogeneous NCP
enhancement, and this effect decreases upon the growth
of the molecular chain because of the decrease of the
exciton occupation probabilities for the few monomers
under the tip. By taking into account the above factors, the
simulated red curve in Fig. 3(c) agrees fairly well with the
experimental data, indicating that it is the inhomogeneous
NCP enhancement that leads to the deviation from the
quasilinear intensity relation predicted for conventional
single-exciton superradiant states in a homogeneous field.
We have demonstrated that STML serves as a powerful

tool in revealing the underlying physics involved in the

optical behavior of molecular collective states and their
interaction with NCP. By combining the strategies of
STM manipulation, electronic decoupling, and nanocavity
plasmonic enhancement with highly localized electron
excitation, we realized electrically driven SPS from long
entangled molecular chains. The precise spatial control
over the molecular arrangement and excitation enables
systematic and quantitative investigations of the delocal-
ized molecular collective states in a local plasmonic
nanocavity. The nanocavity plasmon is found to have a
negligible effect on the intrinsic coherence established by
the intermolecular dipole-dipole coupling, but it dramati-
cally modifies the SPS behavior, specifically on linewidth
narrowing and intensity evolution. Our findings open up
new routes to study molecular energy transfer and quantum
many-body physics at the single quantum level.
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