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A single quantum emitter can possess a very strong intrinsic nonlinearity, but its overall promise for
nonlinear effects is hampered by the challenge of efficient coupling to incident photons. Common
nonlinear optical materials, on the other hand, are easy to couple to but are bulky, imposing a severe

limitation on the miniaturization of photonic systems. In this Letter, we show that a single organic molecule
acts as an extremely efficient nonlinear optical element in the strong coupling regime of cavity quantum
electrodynamics. We report on single-photon sensitivity in nonlinear signal generation and all-optical

switching. Our work promotes the use of molecules for applications such as integrated photonic circuits

operating at very low powers.
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The cross section of materials for nonlinear optical
processes is known to be small so that measurements are
usually performed under intense laser illumination [1,2].
Considering that the linear cross section of a single two-
level atom (6, = 34?/2x, A is the transition wavelength) is
large enough to result in the complete extinction of an
optical beam [3], one might wonder about the ability of an
atom or a molecule to generate nonlinear signals with
single-photon sensitivity [4]. It turns out, however, that o
for real-life quantum emitters is compromised by the
influence of many transition paths, dissipation, or dephas-
ing [5]. To overcome the resulting decrease in coupling
efficiency, single emitters such as cold alkali atoms [6],
semiconductor quantum dots [7-9], or color centers [10,11]
have been investigated in the strong-coupling regime of
cavity quantum electrodynamics (CQED).

Although organic molecules were among the first non-
linear optical media that were exploited [12,13], they have
been under-represented in nonlinear CQED studies: strong
coupling has been reported for ensembles of molecules
[14,15] and, in one claim, with single-molecule sensitivity
but at a low degree of coherence [16]. In this Letter, we
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present the first case of strong coupling between a Fourier-
limited single molecule and a microcavity. We demonstrate
the high efficiency of this medium for coherent nonlinear
optical interactions in three concrete studies of saturation,
four-wave mixing and its higher harmonics, and optical
switching, all down to the single photon level.

The molecule in our current work is dibenzoterrylene
(DBT) from the family of polycyclic aromatic hydro-
carbons. As in the case of other organic dye molecules,
the excited state in DBT can decay via a manifold of
vibrational levels |g, v = 0, 1, 2, ..) in the electronic ground
state [see inset in Fig. 1]. When embedded in an appropriate
organic crystal such as anthracene (AC), the zero-phonon
line (00ZPL) associated with the transition between |g, v =
0) and |e, » = 0) boasts a Fourier-limited linewidth (y) at
liquid helium temperature [17,18]. The total dipole moment
associated with the decay of the excited state is estimated to
be 13 D [19]. The branching ratio, defined as the ratio of the
power emitted via the O0ZPL to the total fluorescence
power, amounts to about 30%. To compensate for the loss
of coherence through the red-shifted decay channels, we
recently coupled a DBT:AC sample to a scanning Fabry-
Perot microcavity and demonstrated that the composite
molecule-cavity system behaves like a coherent two-level
system [17]. In this Letter, we extend that work by entering
the strong coupling regime of CQED and explore nonlinear
interactions such as four-wave mixing and optical switch-
ing at the quantum level.

The experimental setup, including a cryostat and various
optical and electronical components, was mostly as
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FIG. 1. Schematics of the experimental setup. Details can be
found in Refs. [17,20] and the SM [21]. An external Fabry-Perot
cavity (FC) serves as a narrow-band filter for the molecular
emission. BS: beam splitter; Asph: aspheric lens; yM: micro-
mirror; PM: planar mirror; DBT/AC: dibenzoterrylene-doped
anthracene crystal; QWP: quarter-wave plate; HWP: half-wave
plate; POL: polarization filter; FM: flip mirror; APD: avalanche
photodiode. Left inset: An enlargement of the microcavity. Right
inset: Jablonski diagram for DBT. The 00ZPL takes place at a
wavelength of A ~ 785 nm. y stands for the total decay rate of the
excited state. The triplet state is denoted by [¢).

described in Refs. [17,20] and is elaborated on in the
Supplemental Material (SM) [21]. Here, it suffices to state
that we use a wavelength-sized Fabry-Perot resonator
consisting of a planar mirror and a second curved mirror,
which is nanofabricated at the end of an optical fiber. The
mirrors surround a thin DBT:AC crystal in the cryostat (see
inset in Fig. 1). To probe the transmission response of the
cavity, we examined the cross-polarized signal of the light
reflected from the flat mirror side or directly detected the
transmission of light coupled from the fiber side [17,20]. We
accessed the strong coupling regime by exploiting the
knowledge that the finesse of our current cavity is limited
by residual mechanical instabilities (in the frequency range
of 10 Hz-10 kHz), which remain after the cavity frequency
is locked using a separate laser beam [17,20]. We thus
synchronized our photon detection events with the locking
error signal of the cavity to only record data in time intervals,
where the cavity frequency (v,.) coincides with the molecular
00ZPL frequency (v,,) (see Section. IIIA in the SM [21]).

Figure 2(a) displays a transmission spectrum of the
microcavity as the light from a narrow-band continuous-
wave titanium sapphire (Ti:Sapph) laser was coupled to the
microcavity from its flat mirror end and the laser frequency
was scanned. We find a Lorentzian cavity resonance with
full width at half-maximum (FWHM) of «/2z = 1.3 GHz
when detuned from a molecular line. To characterize the

P
1 (a [ 14
004 @ %
¢
—~ 200 ? 3 >
"
E ,'1.3 GHz G
€ 100 —/ g
3 +
o £ ]
g 0- 3"
= (C) 1.54 GHz N
2 fs N 2
S 200 §e % £
2 g ¢ 1 2
" 100 - ' {3
/ ‘\"\ ’r’: \
0 et *’! ........ 1oy 04
—2 0 2
Laser detuning (GHz) Time (ns)
Pump photon number per cavity lifetime
0 5 10 15 20
1.00 A ' B '
5 0.75 1
8
£ 0.50
g
c
= 0.25 4
0.00 - hre I AT BT BT B
102 10! 10° 10t
Pump photon number per cavity lifetime
saaaul il i ol i ol R ET]
102 10~¢ 100 10t
Pump power (nW)
°
®
()
_ 200 o
£ P
a ®
% 100 - ¢
o 90
[/ [\ ]
/4
P AR
0 | 4!!!=#!!§£!!=!!!!Eq
—10 -5 0 5 10
Time (ns)

FIG. 2. Transmission spectrum of the bare cavity (a) and the
coupled molecule-cavity system (c). Ring-down temporal signal
of the bare cavity (b) and the coupled molecule-cavity system (d).
See the SM [21] for information on the influence of the detector
response time [shown by the gray area in (b)] and on the fits to the
experimental data (solid orange curves). (e) Transmission through
the cavity on resonance with the molecule and the laser as a
function of the excitation power. Green and blue present the same
data for different horizontal axis scalings. The vertical dotted line
marks S = 1. (f) Intensity autocorrelation of the light transmitted
through the cavity on resonance with the molecule and the laser.
The maximum value of 250 is limited by residual background
light, which was accounted for by the theoretical fit (orange curve).
The side peak expected at a delay of about 0.6 ns caused by the
Rabi oscillation is washed out since the cavity frequency was not
stabilized in this measurement to avoid residual background from
the lock laser and due to the contribution of the detector response
function (see Fig. S2 in the SM [21]).
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cavity further, we also performed ring-down measurements
by exciting the cavity from its optical fiber side with a
picosecond pulsed Ti:Sapph laser. Figure 2(b) shows the
exponential decay of the intracavity power, which yields an
e~! decay time of 125 ps after deconvolving the instrument
response function of the detector. The result matches very
well the value 1/(2z x 1.3 GHz) deduced from the line-
width of its Fourier transform. We point out in passing that
this decay time is considerably shorter than the excited-
state lifetime of about 4 ns for DBT, i.e., k> y ~ 27 X
40 MHz [17].

If we now tune the cavity resonance to the 00ZPL of a
single DBT molecule, the transmission spectrum features a
vacuum Rabi splitting with 2g/27z = 1.54 GHz, as dis-
played in Fig. 2(c). In this measurement, we accounted for a
Gaussian distribution of 0.90 GHz in v, caused by residual
vibrations that could not be eliminated in postprocessing
(see Section. IIIA in the SM [21]). The corresponding time-
domain measurement is shown in Fig. 2(d), where an
oscillation is superimposed on the exponential cavity ring-
down curve. The analysis of this signal yields a period of
656 ps, corresponding to a frequency of 1.53 GHz and
k = 1.3 GHz. The time-resolved oscillations provide clear
evidence that the observed splitting is indeed due to a
coherent exchange of energy between the molecule and the
cavity field, which is the hallmark of strong coupling in
CQED [22]. The measurements presented in Fig. 2 let us
extract the cooperativity parameter C = 4¢?/ky = 45.
Technical improvements in our microcavity setup will
yield larger cooperativities in the near future. We note that
anticrossing in transmission spectra does not provide robust
evidence for reaching the strong coupling regime since it is
also present in the weak coupling case [17]. Indeed,
anticrossing spectra have usually been reported in the
fluorescence signal, which is blocked by the mirrors in
our arrangement. Furthermore, because g < x, we do not
resolve the Jaynes-Cummings ladder [23] in our system
(see also Section. IIIB in the SM [21]).

Having established the regime of strong coupling, we
now discuss the nonlinearity of the system. The simplest
signature of nonlinearity in light-matter interactions stems
from saturation, which is related to the intrinsic anharmo-
nicity of a two-level system [2]. The green symbols in
Fig. 2(e) display the cavity-molecule transmission on
resonance as a function of the incident power. The solid
green curve plots the results of numerical simulations based
on parameters extracted from the measurements shown in
Figs. 2(c),(d) and a careful calibration of the incident power
(see the SM [21]). We reach a very good agreement with the
experimental results with only the ratio of the intersystem
crossing rates to (7¢) and out of (y,,) the triplet state (see
inset in Fig. 1) as a fit parameter [18,24]. As seen from the
upper green horizontal axis in Fig. 2(e), the molecule-
cavity system experiences a saturation parameter of
S =1 for an incident average photon number as low as

0.24 per cavity lifetime. Here, we have defined S =
Loee(lin - oo)/pee(lin) - 1]_] where Pee denotes  the
excited state population at excitation intensity /;, (see
Section. IIIB in the SM [21]). We note that the observed
behavior is similar to that of a common saturation curve
from a bare molecule [25] when plotted on a linear scale
[see the blue dataset in Fig. 2(e)].

Another interesting consequence of the strong nonlinear
response of the molecule-cavity composite is expressed by
the photon statistics of the transmitted light. Figure 2(f)
displays the second-order autocorrelation function ¢ (z)
measured in the weak excitation regime. The observed
impressive superbunching stems from the difference in the
response of the molecule-cavity system to different Fock
state components |[N) = |1), |2), |3), etc., of the laser beam
[17,26,27]. The strong response of the molecule to a single-
photon state can be exploited for photon sorting [28,29].

The results discussed in Fig. 2 establish molecular
CQED on the same footing as alkali atoms, semiconductor
quantum dots, and color center systems. We now present
two investigations where a single molecule mediates the
interaction between two laser beams with average photon
numbers N ~ 1. First, we explore four-wave mixing
(FWM) as a common nonlinear optical phenomenon. To
do this, we used an acousto-optical modulator to produce
two laser beams at frequencies v and v,, which were
symmetrically detuned around v, by Av/2 = 150 MHz
The powers of the two beams were equalized and their
frequencies set symmetrically on each side of v, (see inset
in Fig. 3). We then cocoupled the laser beams to the
microresonator and scanned an external filter cavity with a
linewidth of 30 MHz (see FC in Fig. 1) to probe the
spectrum of the light exiting the molecule-cavity system.
The orange data points in Fig. 3 show that already at a very
low cavity-coupled power of 425 pW per beam, corre-
sponding to 0.21 photons per cavity lifetime, we observe
the conversion of a pair of photons at frequencies (v, v,) to
a pair at frequencies (v; — Av, v, + Av) with an efficiency
(ratio of FWM peak to main peak) of 1.4 £ 0.3%. This is
substantially more efficient than our previous evidence of
FWM produced by a molecule in a tight focus [4]. The
measurements in Fig. 3 confirm that increasing the incident
intensity lowers the efficiency since the interaction
becomes less coherent for large saturation parameters
[2,25,30]. Nevertheless, the absolute power in the FWM
frequencies increases beyond S = 1. In fact, we show that
for excitation beyond saturation (1.7 nW per beam), a
single molecule generates a six-photon process, corre-
sponding to the detection of the second-order harmonics
(see Fig. 3). In future efforts, it would be interesting to
scrutinize the photons generated in the harmonics more
closely to reveal their spatiotemporal entanglement [31].
Furthermore, the efficiency of the FWM process could be
enhanced by synchronizing the incident photons [32], e.g.,
through the use of triggered photon guns [33].
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FIG. 3. Transmission spectrum of the coupled system under
excitation at two frequencies separated by 300 MHz at different
powers (see legend). The spectra reveal the generation of higher
harmonics. The theory curves reproduce the features. The vertical
lines point to the regular frequency spacing of the observed
signals.

Another powerful technique in nonlinear optics is to
control the interaction between a medium and one light
field (probe) via a second optical beam (pump). This
approach is commonly employed in spectroscopy [1,32],
but it is also encountered in signal processing schemes,
where a gate beam is used to manipulate a signal beam
[34,35]. To explore the latter scenario, we tuned the
frequency of the weaker probe beam to v, = v,,, while
the pump frequency was detuned by 300 MHz [see inset in
Fig. 4(a)]. The transmission of the probe beam was then
measured by scanning the filter cavity. The symbols in
Fig. 4(a) display this quantity as a function of the pump
power. The solid curve presents a very good agreement
between the theoretical predictions and the experimental
data based on y/2z = 0.04 GHz and independently mea-
sured parameters, ¢g/2z = 0.63 GHz, «/2z = 1.3 GHz,
and the incoupling efficiency of 18%. As in the case of
Fig. 2(e), we left the ratio of the intersystem crossing
rates (ye/7ie) as a free fit parameter (see the SM [21]).
Figure 4(a) shows that with only one photon per cavity
lifetime, we can nearly fully turn on the probe beam
transmission, which is otherwise blocked by the molecule.
We remark that the increase of probe transmission beyond
the value of 100% stems from the transfer of energy
between the two beams [4].

The switching contrast, defined as the ratio of the
transmitted powers with and without the pump, amounts
to 40 4 17 in Fig. 4(a), which is about 30 times higher than
the best previous reports without a cavity [4,35]. The
uncertainty in this quantity is dominated by the fluctuations
in the low transmitted signal at weak pump powers. To
compare our study to the system response for other choices
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FIG. 4. (a) Transmission of the probe beam as a pump beam

excites the molecule at a detuning of 300 MHz. The symbols and
the solid curve present the experimental and theoretical data,
respectively. Measurements close to full transmission involve
smaller spectral features and thus lead to larger error bars.
(b) Calculated transmission of a probe beam as a function of
the pump frequency detuning from the cavity resonance and the
pump power. The horizontal dashed line indicates the conditions
for measurements presented in (a).

of pump and probe parameters, in Fig. 4(b) we present the
calculated value of the probe transmission that can be
achieved using our system parameters at different fre-
quency detunings and pump powers. We find that it is
advantageous to choose smaller frequency detunings for
achieving switching at lower power, while keeping the
frequency difference large enough to be able to separate
them in the detection path with high fidelity.
Single-photon nonlinearities of quantum emitters have
been considered for switching and quantum information
processing [36]. Previous works have stated that perfect
switching by single photons is not possible in two-level
atoms due to a time-bandwidth issue and distortions of the
photon wave packet [37,38], although alternative argu-
ments have also been put forth [39]. Our work inspires
another intriguing approach, where single quantum emit-
ters would be used as nano-optical logic elements for
optical signal processing [40,41] with very weak light
fields of average photon number N ~ 1. The organic solid-
state platform presented in this Letter extends the pallet of
material systems that have been used in quantum optics and
offers significant advantages due to the ease of fabrication,
availability in a wide range of wavelengths, brightness, and
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Fourier-limited emission [42]. The capacity of the organic
matrices to host a very large density of dye molecules in the
order of 10* per um®> makes molecular CQED easily
extendable to a regime, where many emitters are strongly
coupled to the same optical mode [43-45]. Such an
arrangement could mediate nonlinear interactions [46] or
generate N-photon bundles [47] in integrated photonics
circuits [48-50]. Single-molecule platforms can also be
used for exploring a number of fundamental phenomena
that have been predicted in the strong coupling regime
of a two-level atom such as bistability [51,52], steady-
state population inversion [53], and single-emitter lasing
[54-57]. Furthermore, Fourier-limited coherence in organic
molecules can be combined with plasmonic nanostructures
[58] and hybrid architectures [59] to realize a nanoscopic
realm of single-molecule strong coupling.
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