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Anarray of radiatively coupled emitters provides a platform for
generating, storing and manipulating quantum light. However, the

simultaneous positioning and tuning of several lifetime-limited emitters
intoresonance remains a challenge. Here we report the creation of
superradiant and subradiant entangled states in pairs of lifetime-limited and
subwavelength-spaced organic molecules by permanently shifting them
intoresonance with laser-induced tuning. The molecules are embedded

as defectsin an organic nanocrystal. The pump light redistributes charges
inthe nanocrystal and dramatically increases the likelihood of resonant
molecules. The frequency spectra, lifetimes and second-order correlation
functions agree with a simple quantum model. This scalable tuning approach
with organic molecules provides a pathway for observing collective
quantum phenomenain subwavelength arrays of quantum emitters.

At subwavelength spacings, quantum emitters interact collectively
withanelectromagnetic field. Absorption and emission from separated
atomsinterfere, leading to super- and subradiant emitter states'. The
subradiant states form a decoherence-free subspace** that is useful
for manipulating quantum states’ and simulating many-body states®’.
The collective emission also creates awide variety of quantum states of
light®'°, which can be useful in quantum imaging and sensing™. In regu-
lar arrays, collective emitters can function as light-matter interfaces
of unit coupling, thus allowing the efficient storage and manipulation
of light*'>5, Although optical superradiance has been observed in a
wide variety of atomic'®?°, solid-state” > and molecular®** emitters,
the observation of individual superradiant and subradiant states has
three major requirements: subwavelength positioning, tuning into
resonance and minimizing dephasing from the environment. The
realization of all three has only recently been demonstrated for two
emitters using quantum dots coupled to a waveguide®® and organic
molecules tuned by nano-electrodes”, but the challenge remains to
scale this up to large system sizes.

In this work, we demonstrate a new scalable method for tuning
lifetime-limited organic moleculesin close proximity into resonance.

We observe superradiant and subradiant states for pairs of molecules
separated by tens of nanometres as they are brought into resonance
usinglaser-induced tuning. Dibenzoterrylene (DBT) molecules embed-
ded as defectsinananthracene crystal’®* are excellent quantum emit-
ters and lifetime-limited below 3 K (refs. 30,31). As first demonstrated
inref. 32, intense laser light tunes molecular resonances through the
creation of excitons that Stark-shift molecules. In this work, we show
thatlong exposure to laser light can permanently bring pairs of mole-
cules spaced by tens of nanometres into resonance. This local decrease
in inhomogeneous broadening indicates that some environmental
variation can be decreased through laser-induced charge mobiliza-
tion. The total inhomogeneous broadening of the system is not seen
to decrease, suggesting that the charge mobilization increases the
correlation length of environmental noise without uniformizing the
entire host matrix.

We characterize several molecule pairs at large detuning and
near resonance and find excellent agreement of the linewidths, life-
times and second-order correlation functions with a simulation of a
master equation. The agreement with asimple model, ease of fabrica-
tion and scalability of the tuning method demonstrate that organic
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Fig.1| Overview of DBT interactions. a, Two DBT moleculesinananthracene
crystal (Ac) interact through their dipole moments with rate /. b, The DBT
moleculeis embedded as a defect into an anthracene crystal and has an
electronic transition near 785 nm with alinear dipole moment. ¢, Level structure
of DBT. The excited state decays with rate a/ to the electronic and vibrational
ground state, where ais the DWFC factor. The excited state also decays with rate
(1-a)lto higher vibrational states and their phonon sidebands. The decay into

the ground vibrational state is filtered out, and the decay to the vibrational
levels is used for all fluorescence measurements. d, Lifetime-limited linewidth
scanofasingle DBT molecule at 2.7 K. e, The g (1) for a single molecule with
22(0)=0.065(9).f, This interaction leads to collective superradiant |+) and
subradiant |—) states. g, Spectra of two molecules as they are tuned into
resonance withintense illumination. The subradiant peak extinguishes as the
detuning becomes smaller than the interaction/.

molecules are a promising platform for creating cooperative phe-
nomena in arrays of quantum emitters. DBT molecules, as shown in
Fig. 1a,b, are embedded as defects in anthracene nanocrystals®*?**,
with a transition from the highest-occupied molecular orbital to the
lowest-unoccupied molecular orbital near 785 nm (ref. 34). Each elec-
tronic state is accompanied by a manifold of vibrational states and
phonon sidebands, as diagrammed in the level structure in Fig. 1c.
Below3 K, thelinewidth of the electronic transitionis lifetime-limited,
as shown in Fig. 1d. The autocorrelation spectrum in Fig. le gives the
likelihood of detecting two photons with a delay t and shows a high
purity of single-photon emission from a single molecule. The excited
state decays to the zero-phonon line of the ground vibrational state
with aprobability of a = 30%, given by the product of the Debye-Waller
and Franck-Condon (DWFC) factors, which are the fraction of emission
into the zero-phonon line and the fraction of emission into the
ground vibrational state, respectively. DBT and other polyaromatic
hydrocarbons are leading candidates for solid-state quantum emit-
tersand have demonstrated 94% indistinguishability for two photons
fromthe same emitter®, 70% indistinguishability for two photons from
different emitters*® and a photon collection efficiency of 99% (ref. 37).

Anthracene nanocrystals doped with a few hundred DBT mole-
cules are self-assembled by precipitation from solution in a sonica-
tor*and vary from 200 nmto 1 uminsize. The transition frequencies
of a DBT molecule can be tuned by 100 GHz through exposure to
intense laser light, as demonstrated in ref. 32. The tuning persists
after the pump light is turned off and is probably due to a photo-
ionization process in DBT, which results in an electron and hole pair
with an extremely long recombination time. The charge and hole
migrate apartand create anelectric field that tunes the DBT molecule
through ad.c. Stark shift. Because of the symmetry of the DBT/anthra-
cene system, the Stark coupling is quadratic and the DBT molecule
shifts only towards the red**. Guest-host systems that lack centro-
symmetry, such as DBT in 2,3-dibromonaphthalene, exhibit a large
linear Stark effect®.

We pump the nanocrystals with around 1 mW of 785 nm
light focused through an objective to a waist of 1.5 um for tens of
minutes. We then look for a two-photon peak with a height that
depends on power squared, whichindicates aninteraction as described
below. Out of 25 pumped nanocrystals, we observed ten signatures of
interactions.
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Fig.2|Spectroscopy of two molecules tuned into resonance. a, Spectra of the
superradiant (|+)) and subradiant (|—)) states of two coupled molecules as the
molecules are tuned into resonance. The tuning in a was done with 170 cycles of
100 s exposure to 4 kW cm™of 785 nm laser light. b, Ratio of the heights of the
subradiant and superradiant peaks as a function of detuning, fitted to amaster
equation simulation to obtain/=-116(15) MHz. The spectra were obtained at an
excitationintensity of /= 0.43 W cm™ ¢,d Second-order correlation functions

22(1) (c) and lifetimes (d) of a different pair of superradiant and subradiant peaks
atA =2.6 GHz detuning. The superradiant (subradiant) state has anincreased
(decreased) Rabi frequency, which results in faster (slower) oscillation of g?(1)
for a given excitation power. The g2(7) functions are fitted to a master equation
simulation to give/=1.0(1) GHzand //I,,=27(1), where I, is the saturation
intensity of an uncoupled molecule. The lifetimes are fitted to give I, = 33(1) MHz
and a=0.11(3).

Themoleculesinteractthrough the electric fields of their oscillat-
ing dipole moments. The dipole moments are linear and all aligned to
the crystalline lattice®. The Hamiltonian for a system of Ninteracting
dipolesinthe rotating frame of the laser is

H= %( -—1—)0 o,+2(j,j—|—) ala; @

where §;= w;— w, is the detuning from the laser frequency w,.
The non-Hermitian rates I"and I'; are the spontaneous decay and
dipole-dipole stimulated decay rates’. The coherent dipole-dipole
interaction /; generates energy exchange between molecules. In the
near field, itis given by

1 d,"dj—

3(d; - H)(d; - 1)
4meye, ’

r3

Ji= 2

As shown in the level structure in Fig. 1f, the singly excited
states |eg) and |ge) are coupled by J to form a collective system.
For molecules separated by a detuning of 4, the eigenstates are
|[+) =sin @ |eg) + cos O |ge)and |-) = cos O |eg) — sin 6 |ge) with ener-

gies +A/2 = \/A2/4 + J2 (see Supplementary Information for details).
Here, tan 0 = (2))/(A + A).

As the pumping laser shifts the molecules into resonance, the
eigenstates become

+) = (leg) + Ige)) /V2. 3)

In the limit of purely symmetric and antisymmetric states,
the molecules are maximally entangled and share a single excitation
before the system decays. Because the spacing of interacting
molecules is much less than the excitation wavelength, they are
each driven by the same Rabi frequency through the symmetric

. . O +
Hamiltonian Hp = 3, (0;+a)).

Figure 1g shows twointeracting molecules tuninginto resonance
as they are pumped with intense laser light. As the detuning of the
two molecules 4 becomes smaller than the interaction strength/,
the antisymmetric subradiant state |—) goes dark to the symmetric
drive. Asshownin Fig. 2a,b, the splitting of the eigenstates converges
to 2/, allowing the interaction strength to be determined from the
extinction curve.

After the extinction of the subradiant state, one pair of molecules
remained resonant for over 24 h of continuous monitoring. Other pairs
of interacting molecules remained detuned by afew gigahertz despite
undergoing tens of gigahertz of accumulated frequency shifting.

Figure 2c,d shows the g?(7) functions and lifetimes of a second pair
of molecules with detuning 4 = 2.6 GHz. The g®(7) function measures
the likelihood of detecting two photons at a time delay of 7. Above
saturation, g®(r) exhibits Rabi oscillations that represent coherent
population transfer between the ground and excited states. Driving
atl/l,,=27(1), we extracted Q, = 3.8l and Q_=2.2[ by fitting to an
analytical expression for the g (1) of a two-state system*°. The
measured lifetimes were 7, =4.3(1) ns and 7_=5.2(2) ns, whereas a
non-interacting molecule typically has alifetime of =4.5ns.

The Rabi frequency exhibits a more pronounced effect because
itisrelated only to the transition frequency with which the molecules
interact. The lifetime, in contrast, contains both the decay from the
interacting transition and the decay to the other vibrational states
and phonon sidebands.

Figure 3ashows aseries of fluorescence spectraof two interacting
molecules withincreasing excitation power. At high excitation power,
the doubly excited state |ee) is populated and a two-photon peak
emerges in the centre of the coupled resonances. As derived in the

. oYy,
Supplementary Information, the two-photon peak scales as ain the

limit of large detuning. Driving near the two-photon resonance
can generate squeezed light* or entangle non-resonant states*s.
Figure 3b,c compares these spectrawith a master equation simulation
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Fig.3|Simulation of saturation spectra. a, Saturation spectra for molecules
inthe Haggregate orientation, where the dipoles are oriented perpendicular
to the separation vector and the superradiant state is higher in energy than
the subradiant. The spectra are aligned by the average of their superradiant
and subradiant frequencies. b, The spectrain aare stacked toillustrate the
appearance of the two-photon peak as the excitation power increases. ¢, The
heights and widths of the spectrain b are extracted with Lorentzian fits and
compared with a master equation simulation. The simulation parameters are
I'=33(1) MHz,/=1.0(1) GHzand a = 0.11(3), which are fitted through g®(r) and

lifetime simulations. d, Saturation spectra for molecules in the J aggregate
orientation, where the dipoles are oriented parallel to the separation vector and
the superradiant state is lower in energy than the subradiant. e, The heights and
widths of the spectrain d are extracted with Lorentzian fits and compared with
amaster equation simulation. The simulation parameters are '=37(2) MHz,
J=-116(15) MHz and a = 0.135(30). The dephasing rates for all simulations are
10(5) MHz, which are obtained by comparing the zero-power linewidths and
lifetimes.

with /=1.0(1) GHz, a DWFC factor a = 0.11(3), 10(5) MHz dephasing
and "=33(1) MHz.

The values of I', a and J were extracted by simultaneously fitting
the master equation simulation to the g®(r) and decay curves shownin
Fig. 2c,d. The frequency of the Rabi oscillations in the g?(t) functions
are more sensitive to/, whereas the lifetimes are more sensitive to a
and . The dephasing was estimated by comparing the lifetimes of
the states with their linewidths in the far-detuning limit, where the
molecules are approximately uncoupled. The fitting procedure is
described in more detail in the Supplementary Information.

Toillustrate the agreement between experiment and theory, the
scattering rates and linewidths of the three peaks are extracted with
Lorentzian fits and plotted against the simulation values in Fig. 3c.
Above saturation, the asymmetry of the superradiant and subradiant
peaksdependsonj/anda.Incontrast, the height of the two-photon peak
is sensitive to/ and the dephasing, whereas the saturated linewidths
are primarily sensitive to /. Because the superradiant state is higher
in energy than the subradiant, we can infer that the molecules are
in the H aggregate orientation, with dipoles roughly perpendicular
to the separation vector. Figure 3d,e shows a similar set of data for a
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Fig.4 |Laser-induced tuning. a, Tuning many molecules in a single nanocrystal.
The nanocrystal is pumped with 16 kW cm™for 10 s between probes. Panels (1)
and (2) show three resonances being tuned within a single linewidth. b, Nine
two-photon peaks from separate nanocrystals, each pumped with 10 mW of light
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for 30 min. The coupled molecules exhibit both H aggregate and ] aggregate
orientations, as well as weak- and strong-interaction strength regimes. Several of
the spectraindicate that there are more than two interacting molecules.

pairof moleculesin the ] aggregate orientation, with/=-116(15) MHz,
a=0.135(30) and I'=37(2) MHz, which are extracted from lifetime
measurements and the extinction curve in Fig. 2b. An approximate
dephasing rate of 10(5) MHz for both pairs of molecules is estimated
by comparing the zero-power linewidths with the lifetimes. For both
pairs of molecules, the extracted values of /, a and I" are consistent
with measurements at several detunings. Because J is sensitive to
the separation of the dipoles, this is evidence that the tuning mech-
anism is not accompanied by the movement of the molecules to
different positionsin thelattice orto the formation of aggregates, as/
would be orderslarger®. The DWFC factors of a = 0.135(30) and 0.11(3)
arelower than thereported value of 0.3 for asingle DBT molecule. This
may be due to the close proximity of the molecules, differences in
the synthesis or misalignment of the dipoles.

Figure 4a shows many molecules in a single nanocrystal shifting
during successive pump cycles. The coloured lines highlight three
molecules being brought into resonance from a detuning of over
25 GHz, with spectra of the three molecules before and after shown
to the right. After laser-induced shifting, ten nanocrystals out of 25
had clear two-photon peaks. Figure 4b shows several examples of
interacting molecules, each from a different nanocrystal. Interest-
ingly, the coupled molecules commonly came into resonance with
additional molecules, and some remained in resonance even during
tuning. For example, the subradiant peakin the lower right spectrum of
Fig.4bisbroaderthanthe corresponding superradiant peak because
it overlaps an additional resonance, as verified by the g(r) and satu-
rationspectra. This result is promising for the creation of many-body
interactions and willbe the subject of futureresearch. Thelength scale
over which inhomogeneous broadening can be reduced is probably
determined by the length scale of imperfections in the lattice, which
cause inhomogeneous broadening. With an increase in the purity
of nanocrystal synthesis or dopant density of high-purity synthesis
methods like cosublimation, the length scale of this effect could be
increased, allowing for the creation of many-body collective effects
inthe solid state.

Conclusion

This work is a demonstration of permanently tuning lifetime-limited
solid-state emitters into resonance and preparing superradiant and
subradiant states. Laser-induced tuning increases the likelihood of
obtaining resonant molecules within a nanocrystal, and two-photon
peaks from interacting molecules are observed in a third of the

nanocrystals. We characterized interacting molecules in different
orientations, extracted the interaction strengths and branching
ratios, and showed good agreement with a simple theory.

This light-based tuning method can be scaled to larger arrays of
emitters through several routes. Increasing the doping or decreasing
theinhomogeneous broadening willincrease the number of interacting
molecules. Larger crystals have been co-sublimated with two orders
of magnitude smaller inhomogeneous broadening™. If molecules
could be individually targeted®, such as through superresolution
techniques or scanning near-field optical microscopy, then creating
a two-dimensional array of resonant emitters with subwavelength
spacing may be possible. Organic molecules have also been shown to
be compatible with nanophotonic devices*’, whichwould enhance the
combined Debye-Waller/Franck-Condon factor, increase the photon
collection efficiency and create long-range interactions.

Collective states of arrays of organic molecules have many applica-
tions. Superradiant light could measure phase or intensity with Heisen-
berg sensitivity*’, as the signal-to-noise ratio scales with the photon
number, not its square root. The correlations between the emitters
couldbe engineered to create many-photon quantum light*, for exam-
ple, cluster states for one-way quantum computation or entangled
states that are more robust against photon loss. The entangled states
of moleculesembedded inalattice also have fundamentalinterests, for
example, elucidating the role of dephasing and vibrational states in col-
lective states*>**. By demonstrating the ability to tune and characterize
entanglement in a system with disorder and decoherence processes,
this study could lead to abetter understanding of coherence phenom-
enainmolecular aggregates and other solid-state collective systems.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-024-02404-4.
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