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Abstract. Control of light-matter coupling at the quantum level is an enabling
technique for many emerging quantum technologies. This tutorial describes recent
advances in achieving efficient coupling of light with a single molecule using
an optical Fabry-Perot microcavity. We demonstrate that the efficient cavity-
molecule coupling converts the molecule to an effective two-level system. In this
regime, a single molecule can act as a nearly perfect reflecting mirror and exhibits
optical nonlinearity at the ultimate level of single photons.
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1. Introduction

In the past century, understanding and controlling
of light-matter interaction have triggered enormous
advances in science and technology. Developments
of lasers, semiconductor light emitting devices and
imaging sensors, have reshaped our modern society.
The upcoming ‘second quantum revolution’ [1], where
new quantum technologies based on manipulating
single quantum systems and utilizing unique quantum
phenomena, such as superposition and entanglement,
promises fast computation, secure communication and
metrology with unprecedented precision [2]. In the
blueprint of a ‘quantum internet’ [3, /4], quantum
information will be processed and stored at distributed
nodes in atomic qubits. Inter-connectivity will
be realized by single photons serving as quantum
information carriers. Realizing such a vision requires
the control of light-matter interaction at its ultimate
level of single photons and single atoms.

An elementary example is the interaction of a single
photon with a single two-level atom — the picture we
have learned in our physics education: a photon flies
in, an atom is excited. Although this picture is so
fundamental and intuitive, to make a single photon
interact deterministically with a single atom remains a
challenging experimental task. Despite the simplicity
of such a system, coupling photons efficiently to a single
two-level atom can demonstrate rather striking effects,
such as the reversal of spontaneous emission [5}/6],
perfect light refection from a two-level atom |[7] and
optical nonlinearity at the single-photon level [8410].

In this tutorial, we introduce our recent work on
achieving efficient coupling of light to a single atom-like
quantum system. Our choice of ‘atoms’ are polycyclic
aromatic hydrocarbon (PAH) molecules embedded in
solid-state matrices [11]. PAHs are photon emitters
with remarkable optical properties, such as near-
unity quantum efficiency, long-term photostability,
and lifetime-limited transitions when cooled to liquid
helium temperatures. Being embedded in solid state
materials, they are compatible with optical microscopy
techniques, using which light can be confined to
a diffraction-limited spot around a single molecule.
However, like other emitters in the solid state [12}/13],
the electronic transitions in a PAH molecule couple to
its internal vibrations and the solid-state environment
that surrounds it [11]. As a result, the coherent 0-0
zero-phonon lines (00ZPL) transition has a branching
ratio of about 30% ~ 50%, limiting the coherent
interaction efficiency with a light field. To overcome
the decoherence induced by the vibronic coupling, we
use an optical microcavity [14] to selectively enhance
the 00ZPL transition via the Purcell effect [15]. We
show that the 00ZPL transition can be enhanced
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by a factor of 40 to dominate over the incoherent
transitions, thus converting the molecule to a coherent
two-level system. The strong Purcell-enhancement also
reshapes the emission pattern of the molecule, enabling
a near-unity coupling efficiency with the cavity mode.
As aresult of this efficient coupling, the system exhibits
optical nonlinearity at the single-photon level [16].

This tutorial is structured as follows. In section[2]
we introduce the photophysics of PAH molecules
embedded in solid-state materials. We review
the fundamentals of cavity quantum electrodynamics
(cavity QED) in section[3] and present the theoretical
model for molecule-cavity coupling in sectionfd] After
introducing the experimental platform in section[f] we
discuss the observations of coherent molecule-cavity
coupling in sectionf] The nonlinear response of
the system is described in section[7] ~Furthermore,
we present an experiment where two molecule are
interconnected using single photons in section[§] At
the end, we draw a conclusion and outline future
prospectives in section[][f]

2. PAH molecules in a solid-state matrix

PAH molecules are composed of multiple fused
aromatic rings, resembling cut-out pieces of a graphene
sheet.  The cyclic conjugated m-electrons in the
molecule can be excited via an optical transition
with transition frequencies ranging from ultraviolet
to near infrared, depending on the structure and
size of the molecule [1§]. Since the late 1980s,
a number of experiments have shown that PAH
molecules can behave favorably as single quantum
emitters when embedded in organic matrices and
cooled to liquid helium temperatures (T < 4.2K)
[11]. Examples of commonly used PAH molecules for
single-molecule studies are shown in the upper row
of Fig.[[l The molecules are normally doped into an
organic matrix with a larger optical band gap (see lower
row in Fig., such that the dopants act as optically
active defect centers with a small concentration and
can be detected via high-resolution microscopy and
spectroscopy [11]. The first optical detection of
single molecules was reported in 1989, where pentacene
molecules embedded in para-terphenyl crystal were
detected using frequency-modulation spectroscopy
[19]. This pioneering work was recognized by the Nobel
Prize in Chemistry in 2014.

When embedded in a matrix, the molecules take a fixed
orientation and their rotational degrees of freedom
freeze out. The energy levels of a PAH molecule

tThis tutorial is based on a dissertation [17] that was
awarded the 2020 SAMOP dissertation prize of the German
Physical Society (DPG). Some text and figures are reproduced
from the dissertation.
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Figure 1. Examples of commonly used PAH molecules (upper
row) and hosting matrices (lower row) in single-molecule optical
studies.

thus involve electronic and vibrational structures. As
illustrated in Fig.[2(a), the electronic ground state
|So) of a PAH molecule is a singlet state, where the
two electrons in the highest occupied molecular orbital
are paired to give a total spin of zero. An electron
in |Sp) can be excited to the lowest singlet excited
state |S1) via an optical transition (green arrow). A
molecule also possesses a large number of vibrational
modes, which couple to the electronic states and give
rise to vibrational sub-levels. When excited to a
higher vibrational level of the electronic excited state
[S1,v # 0), it quickly relaxes non-radiatively to the
lowest vibrational level |Sy,v = 0), following Kasha’s
rule [20]. From [Si,v = 0), the molecule can decay
to the [Sp,v = 0) or [Sp,v # 0) levels by emitting
a photon. The photon emission process is called
fluorescence and the probabilities of decaying to each of
the ground-state sub-levels follow the Franck-Condon
principle [21,[22]. The optical transition connecting
the |S1,v = 0) and |Sp,v = m) levels is referred
to as the 0-m zero-phonon-line (ZPL) with m =
(0,1,2,...). In particular, we denote the |Sg,v = 0)
to |S1,v = 0) transition as 00ZPL. Being surrounded
by the solid-state matrix, the optical transitions are
also coupled to the phononic modes of the lattice,
giving rise to phonon wings associated with each of the
ZPLs. Figure[2(b) illustrates the emission spectrum
from the |S;,v = 0) state. The ZPLs appear as sharp
peaks each accompanied by a broad phonon wing.
Figure[2](c) displays a measured emission spectrum
from the |S1,v = 0) state of a dibenzoterrylene (DBT)
molecule embedded in an anthracene crystal and cooled
to 4K. The sharp peak at 784 nm corresponds to the
00ZPL transition. The Stokes-shifted ZPLs and the
phonon wings are displayed in black.

A coefficient which we will come across often in this
tutorial is the branching ratio of the 00ZPL emission
a, which is defined as the decay rate from |S1,v = 0)
to |Sp, v = 0) normalized to the total decay rate from
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Figure 2. (a), Energy level structures of a PAH molecule
embedded in a matrix. Sg: singlet ground state; Si: low-lying
singlet excited state; T7: low-lying triplet excited state. The
vibrational sub-levels are indicated by v = 0,1,2. The straight
arrows denote optical transitions, while the curly arrows stand
for non-radiative relaxations. (b), Emission spectrum from the
|S1,v = 0) state consists of zero-phonon lines and phonon wings.
(c), Emission spectrum of a Dibenzoterrylene molecule in an
anthracene crystal measured at 4 Kelvin.

|Sl,1} = 0):

’szl
o=, (1)
0
where 7,51 and 7 denote the 00ZPL and total decay
rates of |S1,v = 0), respectively.

The transition between |Sp) and |.Sy) is spin conserving.
When an electron is excited to the singlet excited
states, there is also a possibility that it undergoes a
spin conversion and reaches a triplet state |T7) (see
Fig.2|(a)), where the electrons are unpaired and give a
total spin of one. This process is called intersystem
crossing (ISC) and normally results from spin-orbit
coupling [18]. From |T}), the molecule can decay
to |Sp) via another ISC process or by emitting a
photon. The emission from |T}) to |Sp) is called
phosphorescence. ~ We note that the ISC rate is
molecule and host-matrix dependent. For systems such



Cavity quantum electrodynamics with a single molecule

as DBT molecules in anthracene crystals, the ISC yield
can be as low as 1077 [23].

When addressing the |Sp,v = 0) to |S;,v = 0)
transition using a narrow-linewidth laser, the fast
relaxations of the |Sp,v # 0) levels and a negligible
ISC rate allow efficient cycling of electrons back to
the |Sp,v = 0) level. Thus, the molecule can be
approximated as a two-level system. As shown in the
following sections, the incoherent decays to the |Sp, v #
0) levels can be considered as an additional loss channel
in the formulation of cavity quantum electrodynamics.

3. An introduction to cavity quantum
electrodynamics

The radiative rate of a quantum emitter is not
a constant, but rather depends on its surrounding
electromagnetic environment. In free space, the excited
state of a single emitter couples to vacuum fields of an
infinite number of modes, giving rise to spontaneous
emission with a rate described by the Einstein A
coefficient [24,/25]. The situation is different when the
emitter is placed in an optical cavity. The frequency
selectivity of the cavity allows only a discrete set
of electromagnetic modes and modifies the radiative
property of the emitter inside [26,27]. In this
section, we introduce the theoretical foundations of
cavity quantum electrodynamics (cavity QED), which
describes the interaction of a quantum emitter with a
single cavity mode.

3.1. The Purcell factor

The first known reference to a cavity QED effect is
the formulation by Edward M. Purcell in 1946 on
the modification of spontaneous emission rates by
a resonant circuit [15]. In his short paragraph in
a conference proceeding, Purcell predicted that the
nuclear magnetic transitions at radio frequencies could
be enhanced via resonant coupling to an electrical
circuit, by a factor of

3N Q
=N @

where \ is the transition wavelength. @ and V are
the quality factor and the volume of the electrical
circuit, respectively. The enhancement factor F is
hence named the Purcell factor.

A simple but yet instructive derivation of the Purcell
factor can be obtained using Fermi’s golden rule. We
follow the derivations in Ref. [28], consider a two-level
emitter with a ground state |¢g) and an excited state |e)
separated by hwg in energy. The spontaneous emission
rate v of the emitter can be calculated using Fermi’s

golden rule

27
7= 3 IMeq Polin) @
where M., is the transition matrix element and p(wp) is
the density of states (DOS) of photons at the location
of the emitterff] In free space, the photonic density of
states p°(w) as a function of frequency w is giving by

OJ2VQ

0 —
p (W) - 7T203 ]

(4)
where ¢ is the speed of light in vacuum and V} is a
volume applied for field quantization. The transition
matrix element can be expressed as

Meg = <_IvLeg N Evac>a (5)

where pteg is the dipole moment of the transition with
amplitude pey = —e- (g|zle). Eyac denotes the electric
field of the vacuum modes [29] with amplitude

1/2
Evac = o )
2e0V

with €y the vacuum electric permittivity. Since vacuum
fields in free space have no preferential polarization,
a factor of 1/3 needs to be included to account for
the random orientation of the field with respect to the
transition dipole. The expression of |M,4|* becomes:

(6)

pegh

Meg|* = :
| 9| 650‘/0

(7)
Combining Egs.[3}[d] and [, we obtain the spontaneous
emission rate in free space

2 3
0 _ :ueng

" 3meghcd

(8)

We now consider a two-level emitter placed in the field
maximum of a cavity. Assuming the cavity has only
one resonance mode close to the transition frequency
of the emitter, the DOS of the cavity mode seen by the
emitter is

K/ (2m)
wo — we)? + (k/2)27

p'(wo) = ( (9)
which is a normalized Lorentzian function with center
frequency w, and full width at half maximum (FWHM)
k. In the expression of Ey,. (see Eq.@, the mode
volume V} should be replaced by the mode volume of

1The initial and final states consist of both the states of the
emitter and the photon. Since the final state of the electron is
defined to be the ground state |g), after integrating over all the
possible final states, only the photonic DOS is present.
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Figure 3. (a), A two-level system with spontaneous emission
rate of 79 in free space. The direction of emission is random. (b),
‘When resonantly coupled to a cavity, the spontaneous emission
is enhanced by an amount of vcay. The emission rate into free-
space modes can be considered unchanged.

the cavity V. For a cavity in vacuum, the mode volume
can be calculated as

v eo|E(r)[2d’r
V= max[eg|E(r)[2] (10)

where E(r) stands for the electric field at point r in
the volume of the cavity V... We also note that
the electric field in the cavity can hold a defined
polarization and aligned to the emitter, meaning that
the factor of 1/3 can be omitted in the expression of
|Mcg4]?. The modified spontaneous emission rate into
the cavity mode 7¢ay is then

202,Q
heov

(r/2)?
(wo —we)? + (K/2)27

(11)

Yecav =

where we have used @ = w/k. Considering that the
cavity only affects the DOS within its finite solid angle,
one can assume the emission rate into free-space modes
unmodified (see Fig.[3)). The total emission rate of the
emitter in the cavity «' can be expressed as

Py/ = Yeav T+ ,)/0 . (12)

The ratio of the cavity-modified emission rate to the
free-space rate is
3N Q (k/2)?

’YC&V .
A 4n? Vo (wo —we)? + (5/2)2 (13)

When the frequency of the cavity is tuned on resonance
with the emitter, Eq.[I3] simplifies to the form of the
Purcell factor given in Eq.[2}
3\3
=—- Q . (14)
472V
We note that for the simplicity of the derivation, we
have only considered an emitter in vacuum. A factor
of 1/n3 is thus missing in Eq. compared to the
more common form of the Purcell factor [28]. In fact,
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the treatment of spontaneous emission enhancement
for an emitter embedded in a dielectric or plasmonic
structure is often complicated, where the expression
of V' in Eq.[I0] requires revision. A self-consistent
electromagnetic theory which provides the explicit
form of V' and correctly recovers the expression of F' is
presented in Ref. [30].

A useful coefficient which describes the efficiency of
emission into a particular mode is the S-factor, defined
as the ratio of the power emitted into the single mode
to the total emitted power |[31]. The [-factor of
emission into the cavity mode can be written as

’Ycav F
b= v F+1° (15)
The figure of merit of a cavity for spontaneous emission
enhancement is given by @/V, namely the ratio of
its quality factor over its mode volume. It is, thus,
desirable to fabricate cavities with a high @ and
a small V to achieve a large spontaneous emission
enhancement [14].

3.2. The Jaynes-Cummings Hamiltonian

Having worked through the Purcell factor, we now
introduce the Hamiltonian formulation of a coupled
emitter-cavity system. At the end of this section, we
will comment on the equivalence of the DOS and the
Hamiltonian approach in describing the Purcell effect.

The total Hamiltonian of a coupled emitter-cavity
system can be written as

H=H.+ H.+ Hin , (16)
where H, = hwo(opo_ — o_0y)/2 represents the
Hamiltonian of the emitter with o, = le)(g| and
o_ = |g) (e|] the atomic raising and lowering operators

satisfying the anti-commutation relation {o_,04} =
1. The Hamiltonian of the cavity mode is denoted
by H, = hweala, in which o' and a stand for its
creation and annihilation operatorg§l The Hamiltonian
H;,; describes the interaction between the emitter
and the cavity. Considering only the electric dipolar
interaction, H;,; takes the form

Hint = —Heg Evac . (17)

Assuming that the transition dipole of the emitter is
aligned with the polarization of the cavity field and
adapting the formulations in Ref. [27], Hin can be
written as

Hint = 7/“’6_(](0— + U+) : Z‘E‘vac(a - aT) . (18)

§We set the vacuum energy fuw./2 as the zero of the energy
in the cavity mode. The zero of the emitter’s energy is set at the
middle of |e) and |g).
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Here, F.,. stands for the amplitude of vacuum electric
field in the cavity.  After expanding the scalar
product, the terms containing o_a and o a’ can be
negated using the rotating-wave approximation. The
interaction Hamiltonian simplifies to

Hiy = —ihg(ora —o_al) (19)

) 1/2
_ .uegwc
9= <2heoV>
the emitter-cavity coupling strength (or the vacuum
Rabi frequency). We restrict our further analysis to the
first excited states of the system, i.e. the system has
one excitation with two possible excited states of |e, 0)
and |g,1). Here, the letter in the ket represents the
state of the emitter and the digit denotes the number

of photons in the cavity mode. The Hamiltonian can
be expressed by a 2 x 2 matrix:

Hh[“f’o Y
19 We

with

(20)

} - %mol. (21)

After diagonalizing H, we obtain the two eigenenergies
of the excited states

2
Ei=h gi\/<w°2“’> +o2|, (22

and the two corresponding eigenstates

|[+) = cosfle,0) +isinf|g,1) ,

|—) =sinfle,0) —icosf|g,1) , (23)

with

2g

tan 20 = ———.
Wy — We

(24)
One notices that the two excited states of the system
(|4+),|-)) are both entangled states of the emitter
and the cavity mode. In Fig.a)7 we plot the two
eigenenergies (F, F_) as functions of the frequency
detuning between the emitter and the cavity. The
two eigenenergies show clear avoided crossing and the
amount of splitting at zero detuning equals 2ig. This
splitting is often called vacuum Rabi splitting [32].

3.8. Quasi-eigenstate coalescence and strong coupling

So far, we have considered a system without
dissipation. A realistic system always interacts with
its environment. For example, the emitter can radiate
into free-space modes and the cavity field can leak
via its mirrors. In the density matrix formalism, a
non-Hermitian Hamiltonian can be used to account for
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dissipation. We follow Ref. [33] and express the non-
Hermitian Hamiltonian as

H =H — ity (0y0_ —0_0y)/2 —ihkala/2 (25)
with H the Hermitian Hamiltonian defined in Eq.[I6]
and s, 7° the dissipation rates of the cavity field and
the emitter into free space, respectively. H’ can also
be expressed in the matrix formulation:

. 0 .
’_ wo — i7" /2 —g _ 1
H =h { ig we — i) ] 2M01. (26)
After diagonalizing H’, we obtain the quasi-
eigenenergies of the system:
2.0
. — 2
B, (wy — we) =h% 2(72 +5)/
. 2
- h\/(“’o — We +;(ﬁ - 70)/2> +g2.
(27)

The imaginary parts of the quasi-eigenenergies trans-
late to the half widths of the spectral lineshape. When
the cavity and the emitter are resonantly coupled (w, =
wp), the quasi-eigenenergies simplify to

EL(0) =
(28)

When g < |k — 4°|/4, the term in the square root
is negative and the real part of E’, (0) can only take
the value of hwg/2. In the case of g > |k —4|/4,
the real part of E',(0) can take two different values,
representing the energies of two quasi-eigenstates. The
point where g = |k — ~°|/4 is thus referred to as the
exceptional point (EP) [33].

Fig.b) and (c) display the real and imaginary parts
of E (0) as a function of g (normalized to |k — ~°]),
respectively. The location of the EP is marked by the
green dots. In the limit of g > |k — ~°|/4, the two
quasi-eigenenergies approach the values in the non-
dissipative case given in Eq.22] The splitting of the
eigenenergies is normally a sign of entering the strong-
coupling regime of cavity QED. More often, this regime
is considered to be reached when a system satisfies g >
(k,7°) [34]. In this regime, the rate of resonant energy
exchange between the emitter and the cavity mode is
higher than the dissipation rates of the system [27],
meaning that the emitter and the cavity can exchange
a quantum of excitation for a certain number of rounds
within the irreversible dissipation time.

When g is smaller than one of the dissipation rates
(9 < K or g <), the system is in the weak-coupling
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Figure 4. (a), Dependence of the two eigenenergies E4 (blue line) and E_ (red line) on the emitter-cavity frequency detuning. The
amount of splitting at zero detuning equals 2hg. Energies of uncoupled emitter and cavity are shown by the dashed lines. (b) Real and
(c) imaginary parts of £, (0) as a function of g. The green dots mark the location of the exceptional point. (x,~%)/27 = (1.2,0.2) GHz

are used in this example.

regime. In this regime, the coherent energy exchange
between the emitter and the cavity mode is slower
than the dissipation of the system. Nevertheless, for
an emitter with a linewidth narrower than that of the
cavity (70 < k), its radiative property is still influenced
by the Purcell effect.

When the dissipation rate of the cavity is much larger
than the other two rates (k > 2g and k > ~°), the
two quasi-eigenenergies in Eq.[28 can be approximated
to

1 , 0 942
E(0) = S hwy — ih (é—i—g) ;

2 K
1 (K 2g°
E’ == — —— . 2
~(0) 2hw0 zh(z - ) (29)

The first eigenvalue E’, (0) represents the energy of the
emitter, while the second (E’ (0)) represents that of
the cavity mode [34]. The imaginary part of £ (0)/h
corresponds to the half width of the emitter resonance
and hence reveals the decay rate of the emitter in the
cavity:

4 2
¥ ="+ L (30)
K

The term 4g%/k stands for the net enhanced emission
rate into the cavity mode. The same quantity is
denoted by veay = F - ’yo in section Combining

Egs.[11] [I4] and 20} one can identify that

F-~"=4¢%/k. (31)
The Hamiltonian and the DOS treatments are thus
consistent in describing the Purcell effect in the weak-
coupling regime.

Next, we introduce another important parameter in
cavity QED, namely the cooperativity C, defined as

_ 4¢°

Yeav
C = ==
7 KO

(32)

We note that for an ideal two-level emitter, F' and C
are identical. However, F' is more commonly used for
weakly coupled systems, whereas C' appears often in
the discussions of the strong-coupling regime.

4. Interaction of a molecule with a cavity
mode

We now focus on the scenario of a single molecule
coupled to a cavity. Following Ref. [35], we derive the
complex transmission and reflection coefficients of the
coupled system. First, we work in the weak-excitation
regime and study the modifications to the molecular
linewidth and center frequency. The phase shift on an
incident laser beam is also discussed. We then study
the nonlinear response of the system at increasing
pump powers. Lastly, we derive the photon statistics
of the light transmitted through the system.

4.1. Transmission and reflection spectra

The molecule can be approximately treated as a two-
level system (TLS) given the fast relaxations of the
[So,v # 0) levels. The decays from |Sj,v = 0)
into these levels are accounted for by including an
additional dissipation rate 7.eq to the upper level. We
denote the free-space spontaneous emission rate of a
molecule as 4%, which equals the sum of the emission
rates via the 00ZPL (v,p1) and 7req. The non-radiative
decay and pure dephasing are not considered, since
both rates are negligible for PAH molecules at liquid
helium temperatures [11}36].
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Figure 5. Illustration of a molecule coupled to a single-mode
cavity. Spontaneous emission rate of the molecule in free space
is denoted by 79, which equals the sum of Yzpl and Yred. Ycav
stands for the net enhanced emission rate by the cavity. The
cavity mode is represented by the annihilation operator a and
couples to the free space modes in port 1 and port 2 via its
two mirrors. The fields in port 1 and port 2 are represented by
the annihilation operators by and cj, respectively. by, and cin
denote the input fields from port 1 and 2, b, and b; represent
the reflected and transmitted fields of the incident field b;y,.

As depicted in Fig.[5] the molecule is placed in a cavity
consisting of two mirrors. The cavity’s resonance
frequency w, is tuned to match the 00ZPL frequency
of the molecule wyg. The narrow linewidth of the
cavity resonance allows selective coupling to only the
00ZPL transition and keeping all the red-shifted decay
channels off-resonant. The coupling enhances the
00ZPL transition by 7cay = F - Y,p1, Where F' is the
Purcell factor. Since the cavity mirrors only cover
a finite solid angle (up to 1.37 in our experiments),
we assume that the spontaneous emission rate of the
molecule to all other modes is unmodified. The total
decay rate of the molecule in the cavity can thus be
written as v = Yeay + V0.

We use |g) and |e) to denote |Sp,v = 0) and |S1,v =
0) states and the corresponding atomic raising and
lowering operators are written as oy = |e) (g| and
o_ = |g) (e|. We consider a symmetric cavity, where
the two mirrors are non-absorptive and have equal
transmission coefficients. The photon creation and
annihilation operators of the cavity mode are denoted
by a' and a. The cavity mode is coupled to the
electromagnetic modes in free space (port 1, port 2) via
its two mirrors (see Fig.[5)). The photon annihilation
(creation) operators of port 1 and 2 are denoted as by
(b;i) and ¢; (c}), respectively. The following derivations
are based on Ref. [35] and adapted to the system under
study.
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The Hamiltonian of the coupled molecule-cavity
system can be written as

H =hwo(oy0_ —0_0,)/2+ hweala
—ihg(oya—o_a') + Z hwkbzbk + Z thC}Cj
k J

- ihZ(glbia — qra’by) — ihZ(ggc;-a —gaalcy),
k J
(33)

where wy, (w;) denotes the frequency of the field in
port 1 (2), g represents the molecule-cavity coupling
strength defined in Eq.[20] g; and go are real constants
standing for the coupling strengths of the cavity mode
to the modes in port 1 and 2, respectively.

In the next step, we write down the Heisenberg
equation of motion (EOM) for the operators using

do(t) i 00(t)
= monn+ (%50) e
with O(t) a time-dependent operator, to arrive at

0_ = —iwgo_ + go.a,

6, =—-2g(cpa+alo ),

b = —iwgbi, — g1a,
Cj = —iwicj — gaa,
G = —iwea+ go_ + g1 Z br + g2 Z ¢j,  (3b)
k !
where 0, = 0y0_ —0_04.

We use the operators by, and ¢, to represent the input
fields from port 1 and port 2. The transmitted field
b; and the reflected field b, (with respect to by,, the
incident field from port 1) are defined as following

K
br :bin A/ gaa

K
by = cin — \/5%

where x denotes the decay rate of the -cavity
field, corresponding to the FWHM of the cavity’s
transmission spectrum. We note that despite the
damping, the fluctuations of b, and b; maintain the
commutator relations of a. The quantities bfnbim c;rncin,

(36)

bib, and bibt carry the unit of number of photons per
unit of time, representing the power in their respective
channel.

Combining Eqs.[35] [36] the temporal evolution of a
becomes

a4 = —iw.a — ga +go_ + \/g(bin + Cin)- (37)
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Figure 6. Transmission and reflection spectra of the coupled
molecule-cavity system. (a), (b), (c), Blue curves display the
transmission spectra with § = (0, —x/2, k), respectively. The
reflection spectra are shown by the red lines in (d), (e), (f).
Dashed black lines represent the transmission spectra of the
empty cavity. (k,7%,Veav)/2m = (10,0.04,0.4) GHz are used
for this example.

We express the EOMs in the rotating frame at the laser
frequency wy, to arrive at

6_ =1Awo_ + go.a,
b, =—-2g(cpa+ao_),

a=1i(Aw — d)a — ga +go_ + g(bin + cim), (38)
with Aw = w; —wp and § = w, —wd§| The coupling of
the molecule with the free-space modes can be taken
into account by adding the spontaneous emission rate
7 into the EOMs [35], which become

0_ =iAwo_ + go,a — —o_,

b, =—-2g(cra+a’o_) -0, +1),

a=1i(Aw —d)a — ga +go_ + \/g(bin +cim) . (39)

In the weak excitation limit, the population of the
excited state is negligible, i.e. (0,) ~ —1. Hence, we
can neglect the correlation between the cavity field and
the excited state population, implying (o.a) = (0.){(a).
When considering a steady-state response, we set a = 0
and obtain

~ go_ + \/E(bin + cin)
 —i(Aw—6) + K/2

(40)

In an experiment, light are normally coupled into the
cavity from only one port. In the following, we consider
light incidence from port 1 (¢, = 0) and use by, by,

f'We note the differences in the conventions of x and Aw in
Ref. [35] and this tutorial. « and Aw quoted in this tutorial
correspond to 2k and —Aw in Ref. [35].
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b; to represent their corresponding mean values. After
inserting Eq.[0]into the EOMs, we arrive at

0
v )S+ /%avbintm
Yeav 2

$ = iAws — %;v (to +

by = —tobin + 4/ %;VtOS»

br = bin + bt 5 (41)
where s = (o_) and
-1
to = S v (42)
1—1
K/2

denotes the transmission coefficient of an empty cavity.
The transmission coefficient of the coupled molecule-
cavity system can be obtained by taking the ratio of
the transmitted field b; to the incident field b;,:

be

t =
bin

1
0 _
1+(@,2Aw_ ~ )(iAw (5_1)
Yeav Yeav "5/2
(43

Similarly, the complex reflection coefficient r can be
calculated with

=tg- |1—

(44)

m

b,
=—=1+t.
r b +

In an experiment, one normally measures the transmis-
sion and reflection coefficients in energy (T, R), which
are related to the complex coefficients ¢, r by

T =t

R=|r?. (45)
The blue curves in Fig.[6](a)-(c) represent exemplary
transmission spectra of a coupled system calculated
with  (k,7%, Yeav)/20 = (10,0.04,0.4) GHz and
for three different molecule-cavity detunings. The
transmission spectra without coupling to the molecule
(empty cavity) are plotted as the dashed black lines.
The resonant coupling to the molecule introduces a
dip in the transmission spectrum (see (a)), which is
a result of destructive interference of the molecular
scattering with the cavity field [35]. When the cavity
is detuned from the molecular resonance (see (b), (¢c)),
the interference shows up as a Fano-shaped signal [37],
since the phase of the molecular scattering flips sign
from the red to the blue side of its resonance. The
red curves in Fig.[](d)-(f) present the reflection spectra
of the system with the same parameters as in (a)-(c).
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When the cavity is tuned on resonance (as shown in
(d)), the molecule introduces a peak in the reflection
signal, which confirms that the interaction is a coherent
interference effect rather than purely absorptive.

Using Eqgs.[43}{45] we can calculate the amplitude of the
resonant (§ = 0, Aw = 0) transmission and reflection
of the coupled system:

Tres = (1 - /8)2 ;

Rres = 52 3 (46)

where 8 = Yeav/(Veav +7°) is the S-factor of emission
into the cavity mode. One would intuitively expect
a stronger coherent interaction when the molecule
scatters more efficiently into the cavity mode. As
evidenced by Eq.[46] in the limit of 8 = 1, the molecule
acts as a perfect mirror: it blocks the transmission
completely (Tyes = 0) and reflects all the incident light
back to the input port (Ryes = 1).

4.2. Purcell effect and Lamb shift

It is well known that the modification of the photonic
density of states affects the linewidth and the center
frequency of an atom [27,/38]. The former effect is
known as the Purcell effect [15], discussed at the
beginning of this section. The latter effect can be
considered a modification to the Lamb shift [29,[39],
which results from the coupling of the electronic
transition to vacuum fields. Here, we show that both
effects depend on the molecule-cavity detuning and can
be extracted from the transmission spectrum.

We denote the linewidth of the molecular resonance
and the change in its center frequency v and dwy,
respectively.  Starting from Eq.[43] and Eq.[45] we
consider a regime in which the cavity resonance is
much broader than the modified molecular resonance
(k > Y% Kk > “Yav). In the vicinity of the
molecular frequency (JAw| < Yeav/2), we can make the
approximation Aw/k &~ 0 and simplify the expression
of T to the product of the empty-cavity transmission
Teav = |to]? and a generalized Lorentzian function, i.e.
the sum of a dissipative and a dispersive Lorentzian
profile with the same center frequencies and linewidths.
The linewidth and center frequency of the generalized
Lorentzian profile are given by

2

—_— I</ . . 0
7(6)_(452+I€2 F+1) s

OkF 0
-0 4

6(“)0 (6) 452+l€2 Y ( 7)
The solid blue curve in Fig.[7](a) displays the transmis-
sion spectrum of a system with (k,7°, Yeay,8)/2m =
(10,0.04,0.4, —5) GHz according to Eqs.[A3] and
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Figure 7. (a), Blue line displays the transmission spectrum

of the coupled system calculated using (k,7%,Yeav,d)/2m =
(10,0.04,0.4, —5) GHz. The dashed black line shows the
spectrum of an empty cavity. The red line represents the
calculated spectrum in the vicinity of the molecule using a
generalized Lorentzian function. The vertical green line marks
the center frequency of the generalized Lorentzian function. (b),
(c), Linewidth and frequency shift of the molecule as a function
of the molecule-cavity detuning, respectively. The dashed black
line in (c¢) marks the frequency of the molecule in free space.

The dashed red line shows the spectrum calculated us-
ing the generalized Lorentzian profile. The close agree-
ment between the two curves confirms the validity of
the approximation. The dashed black line represents
the spectrum of an empty cavity.

The molecular linewidth + is a Lorentzian function
of . When the cavity is tuned on resonance with
the molecule, ¥ = 7eav + 7°, showing the Purcell-
enhanced linewidth of the molecule. When the cavity
is far detuned (§ > k), v ~ Y, revealing the molecular
linewidth in free space. The shift in the center
frequency dwy follows a dispersive lineshape with
respect to d and vanishes at zero detuning. When the
cavity is far detuned (§ > k),

5w0 (5) ~ _K:,YCSLV — _g

v 5 (48)

recovering the well-known formula for the cavity-
modified Lamb shift [27]. The dependences of v and
Swy on § are plotted in Fig.[7](b) and (c).

4.3. Phase response

The scattering of light by an atom is also accompanied
by a phase shift. The information on the phase can be
used to detect photons non-destructively [40]. Here,
we examine the phase shift a laser beam acquired after
traversing the coupled molecule-cavity system.

The complex transmission coefficient ¢ of the coupled
system can be expressed as

t = |to - |¢'] - /(%047 (49)
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Figure 8. (a), Phase shift of light transmitted through the
coupled system. The blue (red) line is for ycav/27 = 0.8 GHz
(0.2 GHz) and (k,~°,d)/2r = (10,0.04,0) GHz. The dashed
black line represents the phase shift of an empty cavity. The
phase shift of resonant transmission through an empty cavity
amounts to m as marked by the dashed-dotted black line. (b),
Maximal phase shift as a function of the cooperativity.

where ¢’ represents the term in the squared brackets of
Eq.[A3] ¢ denotes the argument of ¢y, and represents
the phase shift of transmission through an empty
cavity. ¢’ stands for the additional phase shift due to
the coupling to the molecule. The dashed black line
in Fig.(a) displays the phase shift of transmission
through an empty cavity with x/27 = 5GHz. The
phase of the resonantly transmitted light is shifted by
7w from the incoming beam, which is marked by the
dashed-dotted black line and originates from the minus
sign in the expression of ¢y (see Eq.. The phase shift
covers the range of (r/2,37/2). The solid blue curve
shows the phase shift ¢g+¢" when a molecule is coupled
to the cavity with (7°,7cayv)/27 = (0.04,0.8) GHz.
The molecule introduces a sharp change in phase with
amplitudes of up to £7/3. The dashed red line displays
the phase shift for a weaker molecule-cavity coupling
with ~Yeay/27m = 0.2GHz. In this case, the phase is
shifted by up to 7 /4.

A simple analytical expression of the phase shift can be
obtained in the limit £ > v, where the approximation
Aw/k = 0 can be applied to obtain

1
tan[¢/(Aw)]z—A 5 +L lo - N
“ Yeav  Dw 2 Yeav
(50)
The maximal phase shift of
, c?
max [|¢'(Aw)|] = arctan Neort (51)

is achieved when Aw = £4/7°(Yeav +7°)/4, with C =
Yeav/7° the cooperativity of the system. The maximal
phase shift scales nonlinearly with C, as displayed in
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Fig.[§|(b). To reach a phase shift close to 90°, it is
necessary to have C' in the order of 103.

4.4. Saturation of the system

The efficient coupling of the molecule with the cavity
also gives rise to strong optical nonlinearities. Consider
a resonantly coupled system (6 = 0, Aw = 0) and
follow Ref. [35], the steady-state solutions for the
atomic operators at an arbitrary incident power can
be written as

1
Sz = <Uz> - 714_757
2 bin
= )= 52
s={(o_) “’ycavl—i—Sﬂ’ (52)
where S = 48%|bin|?/Yeav denotes the saturation
parameter. Alternatively, S can be expressed as
bin 2/y in
P . e M (53)

C Year/(4B%Y)  ne

where ni, = |bin|?/y’ represents the number of incident
photons per Purcell-enhanced lifetime of the molecule
and n. = Yeav/(48%7') denotes the critical photon
number to reach S =1 (i.e. the occupation probability
of the excited-state is 25%).

Using the expression of the transmitted field b; (see
Eq.7 the transmitted power can be written as

(0] b)) = |bin]? — 2|bin|

’YCaV ,yCaV
5 -Re[(s)] + 5 (sts) .
(54)

Combining Eq.[52] and Eq.[54] gives

2
Ty — b 2. | (1 B 2. S5
<bt bt> - ‘bml l(l 1+S) +ﬁ (1+S)2

)

(55)

where the first term in the square brackets represents
the coherent contribution to the transmitted power
(|(b)|?) and the second term stems from its fluctua-
tions ((b] b;) — |(b)|?). The steady-state transmission

is then
2
S
2 - —
) +o s

T@Mwo 8

Sl U 1+8 0)

Figure[] displays T as a function of ni, for systems
with different 5. The transmission saturates gradually
as the incident power increases. The critical photon
numbers to reach S = 1 are marked by the colored
arrows. In the regime of very high pump rates (S —
o0), s, &~ 0 and the occupation probability of the
excited state is 50%. We note that a single photon
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Figure 9. Saturation of the system. The vertical axis shows the
resonant transmission of the coupled system. The horizontal axis
denote the incident power in photon number per excited-state
lifetime of the molecule. The critical photon numbers for three
values of 8 are marked by the correspondingly colored arrows.

is predicted to be enough to act as a w-pulse and
completely invert a two-level system [5]. This is a
transient process and requires the spatial and temporal
modes of the photon to match the time-reverse of a
spontaneously emitted photon. The complete inversion
of a two-level system is not possible in the steady-state.
Considering a perfect coupling (8 = 1) in the present
model, the minimal critical photon number to reach
S =11is0.25 [35].

4.5. Photon statistics of the transmitted light

An emitter placed in a cavity not only modifies the
cavity’s spectrum, but also gives rise to dynamic effects
which can be observed in the photon statistics of
the intracavity and transmitted fields [41H43]. In
contrast to the structural effects such as the spectral
modifications, which can be described by -classical
models [44, 45], the dynamic effects can result in
nonclassical photon correlations which can only be
explained quantum mechanically [43].

We start by briefly reviewing the theoretical model
developed in Ref. [43]. The model considers a two-
level emitter resonantly coupled to a cavity mode
and driven by a weak resonant laser field. In this
regime, one can assume the system to have at most two
excitations and neglect the higher excitation states. A
master equation approach was employed to describe
the temporal evolution, which can be solved for a
truncated expansion of the joint density matrix. The
steady-state wavefunction of the system expanded up
to two excitation quanta can be expressed as

V) =lg,0) + Alg, 1)

+ Ble,0) + (A?/2)pqlg,2) + ABgle, 1), (57)
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Figure 10. ¢g(?)(0) of the intracavity field as a function of the
cooperativity C. The dashed red line displays g(2>(0) calculated
using Eq. for a system with (v°, x)/27 = (0.04,3) GHz. The
solid black line shows the calculation using Eq. The dashed-
dotted lines mark the position of C' = v/2 and ¢(?)(0) = 1.

where,

A=(E/n)/(1+0),
B=—(29/7°)-A,
p=1-C/(1+7°/K),

¢=01+0)/1+C—C/1+7"/r)], (58)

and F is the amplitude of the intracavity driving
ﬁeldﬂ]] The normalized second-order intensity-

correlation function of the intracavity field can be
calculated with

(]a’(0)af(r)a(r)a(0)]4)
((¢laf(0)a(0)[¥))*

Using the expression of the steady-state wavefunction
[¢) in Eq. one arrives at

9@ (r) = (59)

k+7°
9% (r) =I1+ (pg — 1) exp (~—-7):
0
(cosh M + HIM” sinh M7)[2,  (60)

with 7 > 0 the time delay between the two detectors
and M = /[(k—~°)/4]2—¢2. Note that this
expression is derived for the intracavity field, but the
same result also applies to the transmitted field, since
the field operators only differ by a scaling factor of
\/k/2, which cancels in Eq.

In cases of non-zero cavity and laser frequency detun-
ings, the corresponding steady-state wavefunction can
be derived from the master equation, which results in
the same expressions as Eqs.[5760] with the following

|[We note the differences in the conventions of C' and « in
Ref. [43] and this tutorial: C and k quoted in this tutorial
correspond to 2C and 2k in Ref. |43|, respectively.



Cavity quantum electrodynamics with a single molecule
transformations

k= K+ 2i(Aw +9),
70 =20+ 2iAw. (61)
We now focus on the intensity correlations at zero time
delay. Using the approximation 7°/k < 1, we can
simplify Eq.[60] to

9 (0) = (1-C?)*. (62)
The dependence of g(®(0) on C' is displayed in Fig.
The solid black curve in the figure shows the results
calculated using Eq.[62 The dashed red curve in the
same figure displays ¢(?(0) calculated using Eq.
for a system with (k,7°)/27 = (3,0.04) GHz. The
two curves only differ slightly in the limit of large
cooperativities.

For a system with cooperativity factor in the range
(0,1/2), the intracavity field is antibunched at zero
time delay. When C'is larger than v/2, the intracavity
field is bunched and ¢(®(0) increases approximately
quartically with C. In the special case of C' = 1,
the intracavity field is perfectly antibunched, implying
that only single photons can traverse the system. The
system thus functions as a single-photon filter.

5. Integrating single molecules to a cryogenic
Fabry-Perot cavity

Pioneering experiments of cavity QED were carried
out with atoms in ultrahigh vacuum and macroscopic
Fabry-Perot cavities [26127,46]. Incremental develop-
ments in the cavity design and the manipulation of
atoms have led to the strong coupling of a single atom
to a cavity mode at both microwave and optical fre-
quencies [47,/48]. The success of this approach ben-
efited greatly from the development of super-polished
substrates and high-reflectivity coatings using super-
conductors [47] or multilayer dielectrics [49,50]. For
cavities operating at optical frequencies, finesse of
2 x 108 and quality factor of up to 10'° were reported
[49].

Our approach is to achieve a small mode volume by
miniaturizing the Fabry-Perot cavity. By fabricating
curved mirrors with small radius of curvature (ROC)
on micro-pedestals [51H56], Fabry-Perot microcavities
with mode volume smaller than one A have been
achieved [56]. The highlights of open Fabry-Perot
microcavities are their easy tunability, scannablity and
the flexibility of adapting different species of emitters.
We use a hemispherical cavity consisting of a planar
mirror and a curved micromirror, as shown in Fig.[T1]
In the Gaussian approximation, the cavity mode has
its waist at the planar mirror, where a thin molecule
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Figure 11. A hemispherical microcavity consisting of a planar
mirror and a curved micromirror. A thin layer doped with single
emitters is placed on the planar mirror. The resonance frequency
of the cavity can be tuned by adjusting the micromirror in the
axial (z) direction. The planar mirror can be scanned laterally
(along the z-y plane) to deterministically position an emitter at
the center of the mode.

doped crystal can be placed. The mode volume of
a hemispherical Fabry-Perot cavity can be estimated
using [53]

V:%%L (63)
where L is the cavity length and wg = (A2 LR/7w?)'/4
is the mode waist (1/e half width) , with R the ROC
of the curved mirror. In order to achieve a small V,
it is necessary to reduce both the ROC and the cavity

length.

5.1. Micromirror fabrication and cavity assembly

An established technique for fabricating curved
micromirrors is COs-laser ablation, where a single
(or a few) high energy laser pulse is used to
produce a Gaussian-shaped concave structure on a
glass substrate [51H53]. This method can result in
very smooth surfaces with root-mean-square surface
(RMS) roughness less than 0.2nm [52]. The high
surface quality allows the adoption of high-reflectivity
dielectric coatings, with which cavities with finesse
larger than 10° were reported [53}[57].

We use focused-ion-beam (FIB) milling [58] to
fabricate micromirrors for the experiment. FIB is a
technique capable of fabricating mirrors with ROCs
below 10 um and offers nanometer-level topographic
control on various materials [56,/59,60]. Figure[12](a)
displays a scanning electron microscope (SEM) image
of a micromirror machined at the cleaved end of a
single-mode fiber made of fused silica. The black
line in Fig.(b) represents a cross sectional atomic
force microscope (AFM) image across the center of the
mirror, showing a hemispherical shape with an opening
diameter of about 7pum and depth of 500 nm. The
green curve represents a fit of the central region to
a circle, yielding a ROC of 10.0 um. The maximal
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Figure 12. (a), An SEM image of the cleaved end of a fused-silica fiber. A micromirror was fabricated at the center. (b), The
black line shows an AFM cross sectional measurement across the center of the micromirror shown in (a). The green and the red
lines represent fits to a circle. (c¢), Optical microscope image of a micromirror after coated with dielectric multilayers. (d), An SEM
image of the multilayer dielectric coating on the micromirror after cut using FIB. The mirror has a radius of curvature of 10 um
and a depth of 500nm. The coating consists of 12 alternating layers of NboOs and SiO2. The apparent surface roughness is caused
by a metallic coating necessary for imaging with the SEM. (e), Schematic of the microcavity assembly. The cavity is formed by a
micromirror and a planar mirror with a thin Ac crystal attached to it. Laser light is coupled into the cavity through an aspheric
lens (asphl) and the light transmitted through the fiber is collected by a second aspheric lens (asph2). The red arrows denote the
degrees of freedom for coarse alignment using three slip-stick nano-positioners (pes). The green arrows indicate the fine cavity length
adjustments with two ring piezoelectric transducers (pztl, pzt2). PM, planar mirror; uM, micromirror; DBT/Ac, DBT-doped thin

anthracene crystal. (e), A photograph of the cavity assembly at 4.2 K, taken through a side viewport of the cryostat.

deviation of the measured data from the circular fit
is about 1nm and the root-mean-square roughness of
the mirror is less than 0.4 nm, which is limited by the
resolution of the AFM. We note that it is not necessary
to involve an additional polishing step to achieve this
surface smoothness, since FIB provides an effective
polishing due to the dependence of the sputtering rate
on the incident angle of the ion beam . The red
curve in Fig.(d) shows a circular smoothing pattern
with a ROC of 5.7 ym. This was implemented to avoid
sharp features around the edge, so to ease the adoption
of a multilayered dielectric coating.

After FIB machining, the mirrors are coated with
a dielectric layer to achieve a high reflectivity.
Figure(c) displays an optical microscope image of
a micromirror after being coated with dielectric layers.
An SEM image of the dielectric coating after being
cut by the FIB is shown in Fig.[12)(d). The dielectric
coating consists of alternating A/4-thick layers of
Nby05/SiO2 or TiO2/SiOy. Twelve such bilayers are
deposited on the substrate to reach reflectivities of up
t0 99.995%.

The microcavity is hosted on an insert of a liquid
helium cryostat. A schematic of the cavity assembly is
shown in Fig.[12](e). The planar mirror is mounted on
a slip-stick piezoelectric slider (PES) which positions
the molecular sample in the transverse direction. The
micromirror is machined at the cleaved end of a single
mode fiber, sits on a second PES and travels along

the axial direction of the cavity. Each of the cavity
mirrors is glued on a ring piezoelectric transducer
(pztl, pzt2) to facilitate the fine adjustment of the
cavity length. The incident laser beam is coupled to
the cavity using an aspheric lens (asphl: NA=0.5),
which is mounted on a third PES to adjust the focus
of the incoming beam. A second aspheric lens (asph2:
NA=0.2) is mounted at the transmission side of the
fiber to collimate the transmitted light from the fiber.
Figure(f) shows a side-view photograph through the
window of the cryostat when the insert is cooled to
4.2K.

5.2. Single-molecule sample preparation and detection

The experiments are carried out with dibenzoterrylene
(DBT) molecules doped in thin anthracene (Ac)
crystals. The molecular structures of DBT and Ac
are illustrated in the upper panel of Fig.(a). A
DBT molecule can be inserted into the Ac lattice
by substituting three Ac molecules in two possible
insertion sites . Photophysics of DBT molecules
in these two sites were studied in Ref. . We used
molecules in the main insertion site with the 00ZPL
(So to Sp) transition lying around 784 nm.

We fabricate DBT-doped Ac crystals using a vapor-
phase growth method . The thickness of the
Ac crystals fabricated using this method lies in the
range from 0.1 to 5um. We obtain typically 20 to
50 molecules in a confocal spot (~ 700 nmx 700 nm).
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Figure 13. (a), Upper: molecular structures of Ac and DBT. Lower: a simplified energy diagram of a DBT molecule (lower)
showing the wavelength of the 00ZPL transition and the red-shifted fluorescence. (b), Inhomogeneous broadening of DBT molecules
in Ac. The plot shows fluorescence excitation spectrum measured on a confocal spot on the Ac crystal. Each peak represents the
00ZPL transition of a single molecule. The inset shows an optical microscope image of a DBT-doped Ac crystal. Individual sharp
peaks represent single molecules. (c), A close-up of the spectrum of a single molecule. The red line shows a fit to a Lorentzian

function.

Single-molecule detection is possible by exploiting the
inhomogeneous broadening of the molecular transition
frequencies. When cooled down to T ~ 4 K, the 00ZPL
of DBT molecules narrows down to their Fourier limit
of about 40 MHz [23[/62]. Each molecule experiences a
slightly different local environment such as strain and
electric field and acquires a different shift in its energy
levels. Figure[L3|(b) displays the measured fluorescence
intensity from a confocal spot on the crystal, when the
frequency of a narrow-linewidth (< 1 MHz) excitation
laser is tuned across the inhomogeneous broadening of
the 00ZPLs. Each of the sharp peaks represents the
00ZPL transition of an individual molecule. A close-
up of the fluorescence spectrum of a single molecule is
displayed in Fig.(c). The red line represents a fit to
a Lorentzian function, with a FWHM of 66.84+0.2 MHz.
In this example, the linewidth of the Lorentzian profile
is larger than the natural linewidth (~ 40 MHz), due
to a slight power broadening.

6. Observation of coherent light-molecule
coupling

The cavity assembly including the molecule doped
crystal are cooled to 4.2 K in a liquid helium cryostat.
At this temperature, the finesse of the cavity is
measured to be around 19 000 at 784 nm. We identify
a suitable molecule by monitoring the transmission
spectrum while tuning the cavity resonance across the
inhomogeneous broadening of the molecules. In the
following, we present the observations of the coherent
coupling of a single molecule to the cavity mode.

6.1. Resonant response, Purcell enhancement and
Lamb shift

The blue dots in Fig.[l4)(a) show the measured
transmission spectrum of an empty cavity. The red
dots show the transmission spectrum when the cavity
is tuned on resonance with the molecule. The dip with
a FWHM of around 600 MHz is a result of destructive
interference of the molecular scattering with the cavity
mode, as explained in section[d] The black dots display
the background level of the measurement. The solid
lines show theoretical fits. A quantitative comparison
of the three curves suggests that the presence of the
molecule attenuates the resonant transmission of the
cavity by more than 99%. This measurement is
performed by detecting the cross-polarized reflection
(CPR) signal from the cavity [62]. The same
measurements are performed on the light transmitted
through the single-mode fiber hosting the micromirror,
as shown in Fig.[[4(b). The solid lines represent
theoretical fits using the same group of cavity-QED
parameters as in (a). Due to the non-ideal mode
matching between the cavity mode and the guiding
mode of the fiber, the signals show a lower signal to
noise ratio. Nevertheless, the two sets of measurements
provide the same information of the system.

The measured reflection spectra are presented in
Fig.[14)(c). The blue dots display the cavity resonance.
The black dots show the reflected intensity when
the cavity resonance is detuned. The empty cavity
resonance does not dip to zero due to an imperfect
mode matching and the effects of residual vibrations
in cavity length. The red dots show the reflection
spectrum of the coupled system, revealing a nearly
perfect dipole-induced reflection.
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Figure 14. (a), Transmission spectrum of the coupled

system measured via cross-polarized reflection. Blue: the CPR
spectrum of the cavity when detuned from the molecule. Red:
the CPR spectrum of the resonantly coupled molecule-cavity
system. Black: intensity of the laser beam reflected from the
cavity when it is detuned from the cavity and the molecular
resonances, providing the background level. PBS: polarization
beamsplitter. (b), Same as in (a) but measured on the light
transmitted through the single-mode fiber. (c), Same as in
(a) but measured in reflection without a cross-polarizer. (d),
Fluorescence excitation spectrum of the molecule recorded when
the cavity resonance is far detuned. The inset shows an intensity
correlation of the fluorescence signal. A clear antibunching at
zero time delay confirms that the observed signal comes from a
single molecule. All solid curves denote theoretical fits.

To verify that the signals originate from a single
molecule, a fluorescence excitation measurement is
performed. The red dots in Fig.[14](d) display the
fluorescence spectrum when the cavity resonance is far-
detuned. The solid red line represents a Lorentzian
fit with a FWHM of 44 4+ 5 MHz, revealing the
unperturbed linewidth of the molecule and matching
the typical values of DBT molecules in Ac crystals
. The low signal to noise ratio is a result
of the high reflectivity of the dielectric mirrors. The
inset in Fig.(d) displays the measured second-
order intensity-correlation function (black dots) at the
fluorescence peak. A theoretical fit is shown by the
green line. The resulting ¢ (0) = 0.2140.06 confirms
that the observed signal is from a single molecule. The
oscillations at the shoulders of the signal are signatures
of Rabi-oscillations .

The fine frequency tunability of the cavity allows
us to perform quantitative studies of the Purcell
effect and modifications to the Lamb shift [38]/39,[66].
Figures[15|(a), (b) show the extracted frequency shift
dwo and linewidth ~ of the molecule as a function
of the molecule-cavity detuning §. The frequency of
the 00ZPL transition is shifted towards blue or red,
depending on the sign of 4. The measured frequency
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Figure 15. Frequency shift of the 00ZPL transition (a)
and molecular linewidth (b) as a function of molecule-cavity
detuning. The colored dots represent the quantities extracted
from the measurements. The solid lines show the theoretical
predictions.

shifts are up to 150 MHz. Purcell enhancement is
evidenced by the broadening of the molecular linewidth
from ~° = 44 4+ 5MHz for a detuned cavity to +' =
604 + 21 MHz when the cavity is on resonance.

6.2. Onset of strong coupling

We determine the cavity-QED parameters of the
system by comparing the molecular linewidths ~° and
7. Following the theory introduced in sectionfd] we
express 7Y and 7/ as

70 = Yred + Vezpl »

'Y/ = Yred + (1 + F) - Vzpl - (64)

For DBT molecules embedded in Ac crystals, the
typical relation between the two decay rates is Vyeq ~
25pl . This allows us to deduces the Purcell factor
of our system, giving F' = 38 £ 5. The cooperativity
C, which quantifies the cooperative emission into the
cavity mode, can be calculated as

F- Vzpl
C= L 65
0 (65)
resulting in C' = 12.7 £+ 1.6.

The S-factor associated with the 00ZPL (8,p1) and the
cavity-modified branching ratio o’ can be calculated
using

B | = F"szl _ F
P (F41) oy F+10
, (F—l—l)-’yzp] NF—‘rl

=~ . 66
(F+1)"sz1+’)/red F+3 ( )

We obtain 3,5 = 97.4+0.3% and o = 95.1£0.6%. The
B-factor of the overall emission is 8 = B,p1 - @' = 93%.
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Figure 16. Frequency of the higher- (red dots) and lower- (blue
dots) energy transmission peaks as a function of the molecule-
cavity detuning. Black lines present the same quantities
extracted from the theoretical spectra.

The three parameters close to unity indicate that the
cavity changes the molecule to a nearly ideal two-level
atom, and the emission of the molecule is strongly
directional, i.e. preferentially into the cavity mode.

Estimating the Purcell factor using Eq.[I4 and
considering a mode volume of 4.4\3, an effective
refractive index n = 1.8 would result in F' = 355.
The discrepancy of the measured value of F' = 38 from
the ideal value is the result of several non-ideal factors.
First, the misalignment of the DBT transition dipole to
the b-axis of the Ac crystal [62] can lead to a reduction
of F by ~ 20%. Second, a lack of control over the depth
of the molecule in the crystal can introduce an offset
of the molecule from the antinode of the cavity mode.
An offset of 50 nm in depth would result in a reduction
by a factor of 2. A displacement of about 80 nm would
be sufficient to reduce the expected Purcell factor to
the experimental value.

In Fig.[I6] we plot the positions of the higher- and
lower-energy transmission maxima as a function of the
molecule-cavity detuning. The solid lines display the
same quantities extracted from the theoretical spectra.
The amount of splitting between the two maxima at
zero detuning equals 2g, allowing us to obtain g/27 =
0.79 + 0.3 GHz.

Mode-splitting in transmission is usually associated
with strong coupling. However, a more decisive
signature for entering the strong coupling regime is
the bifurcation of eigenstates [33}34], which occurs at
the exceptional point (EP) of g = (k —4")/4 and is
observable in fluorescence, rather than in transmission
[33L34]. In our system, g ~ (k —~°)/4, implying
that the system is at the onset of strong coupling. To
better assert our experimental regime and visualize the
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transition from weak to strong coupling, we plot the
transmission and fluorescence spectra of the system
while scaling the cavity linewidth from its experiment
value and keeping the value of g unaltered. This scaling
corresponds to an experimental situation, where the
mode volume of a cavity is kept constant but the finesse
is increased or decreased.

Figures[17] (a), (b) display the calculated transmission
and fluorescence spectra of the system with the
horizontal axis denoting the linewidth of the cavity.
The fluorescence spectra L(Aw) are obtained using
L(Aw) = 1 — T(Aw) — R(Aw). One notices that
the splitting of the transmission spectra appears
independent of the cavity linewidth, even when the
system is deeply in the weak-coupling regime (see
(¢)). The location of the EP is marked out by
the solid white line in (a), and the corresponding
transmission spectrum is represented by the blue line
in (e). The measured transmission spectrum of the
system is displayed by the gray dots in (e). The
close agreement between the experimental and the
calculated EP spectrum confirms that our system is at
the onset of the strong coupling. The small offsets at
the shoulders of the spectra are a result of vibrational
broadening of the cavity resonance, which leads to
deviations of the measured spectrum from a Lorentzian
profile. The fluorescence spectra (see (b) and (h)-(1))
evolve differently from the transmission spectra. In the
weak-coupling regime, the fluorescence spectrum is a
Lorentzian profile with linewidth the Purcell-enhanced
linewidth of the molecule (see (h), (i)). At the EP, the
fluorescence spectrum becomes flat-topped (see (j), and
Ref. [32]). After entering the strong coupling regime,
the fluorescence spectrum is split into two peaks, as
shown by (k), (1).

6.3. Phase-shift

As discussed in sectionfd] the scattering of light by a
quantum emitter is accompanied by a phase shift. To
measure the phase shift introduced by the molecule,
we follow the scheme introduced in Ref. [67] and
employ a two-frequency common-path interferometer.
In brief, two laser beams with electric fields |E; |-e~ 1!
and |Ey| - e #w2t+%0) generated using an acousto-
optic modulator are combined and forwarded to the
cavity. Here, w; o denote the frequency of the two laser
beams, |Ej 2| represent their electric field amplitudes
and ¢y denote their initial phase difference. Before
entering the cavity, a beam sampler reflects part of
the light onto a fast photodiode. The intensity on the
photodiode can be written as

Ins =Rus - {|E1|” + | B[

+2|E - Ea| cos[(we — w1)t + ¢ol} , (67)
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Figure 17. (a), (b), Calculated transmission and fluorescence spectra of the coupled system as a function of the cavity linewidth
k. The solid white lines mark the location of the EP with cavity linewidth kep. (c)-(g), Cross sectional transmission spectra at
cavity linewidths displayed at the bottom of each plot and marked by the dashed white lines in (a). The experimentally measured
transmission spectrum is superposed on the calculated spectrum at the EP, shown by the gray dots in (e). The lower panel (h)-(1)

displays the same but for the fluorescence spectra.

where Rys denotes the reflectivity of the beam sampler.
The intensity consists of two constant terms and an
oscillation term at frequency (ws — wq) with starting
phase ¢g. The complex transmission coefficient of the
cavity at wis can be expressed as t.,, = |tw112’ .
e w12, The intensity of the light transmitted through
the cavity is then

Iy =(1 = Rus) - {|tw1E1|2 + |tw2E2|2
+ 2ty B - ty, Ear| - cos[(wa — w1)t

- (¢wz - (bwl) + ¢0]} ) (68)

which also consists of two constant terms and an
oscillation term at frequency (ws — wq). The starting
phase of the oscillation is shifted by A¢ = ¢, — Puy
with respect to the initial phase difference ¢y3. The
phase shift imprinted on the two beams is thus mapped
onto the phase of the oscillation signal.

We measure the phase shift of the oscillation signal
using time-correlated single-photon counting [68] with
the trigger signal generated by the fast photodiode.
In Fig.[I§ the phase shift of a single laser beam is
displayed. The red dots represent the measured phase
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Figure 18. Phase shift of a laser beam by a single molecule. Red
dots display the measured phase shift on a single laser beam and
the solid red line represents the theoretical prediction accounting
for the effect of saturation broadening. The dashed red line
shows the predicted phase shift of a laser beam in the weak-
excitation limit. The phase shift of an empty cavity is shown by
the black dots (extracted from the measurement) and the black
line (theoretical prediction).

shift of a single laser beam traversing the coupled
molecule-cavity system. The black dots show the same
but for an empty cavity. The solid lines represent
theoretical predictions. The red dashed line displays
the phase shift on a single beam when assuming no
power broadening of the molecule, allowing us to
deduce phase shifts up to A¢ = £66°.

7. Single-photon nonlinear medium

Nonlinear optical experiments are typically performed
with intense lasers and bulk materials [69]. Bringing
nonlinear optics to the level of single photons holds
great promises for quantum information applications
[8,/70-72]. Such strong nonlinear interactions can be
mediated by a two-level atom efficiently coupled to an
optical mode [9,/71H73].

7.1. Saturation of the system

We characterize the nonlinear response of the coupled
system by measuring the saturation effects in the
transmission spectrum. In Fig.[I9(a)-(d), the black
dots display a series of transmission spectra measured
at different incident laser powers. The red lines
stand for the theoretical fits and the dashed green
lines represent the transmission spectra of an empty
cavity. The background level for each measurement is
shown by the signal in blue. At low incident powers,
the coherent interaction modifies the transmission
spectrum of the cavity significantly, leading to a strong
attenuation of the resonant transmission (see (a), (b)).
The molecule is gradually saturated as the laser power
increases, accompanied by a reduction of the extinction
signal (see (c),(d)). In this set of measurements, the
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Figure 19. Saturation of the coupled molecule-cavity system.
(a)-(d), Transmission spectra of the system at different incident
laser powers. The black dots represent the measured data and
red curves show theoretical fits. The dashed green lines stand for
the transmission spectra of an empty cavity, calculated using the
fit parameters. The blue signals display the background levels.
The incident laser powers are displayed in the legend.

highest laser power delivered to the cryostat is 6.63nW.
At this power, we start to notice sudden jumps of
the cavity length which cannot be compensated by
the active feedback loop. This might suggest a local
heating effect within the cavity. In any case, the upper
limit of transmission is set by the empty cavity and the
presented measurements already show a clear trend of
saturation.

The incident laser power can be calibrated to the
photon flux n;, through the cavity per excited-state
lifetime of the molecule. To do so, we start from the
measured laser powers, account for the transmission of
the cryostat-windows (~87%), the incoupling efficiency
to the cavity (~10%) and the Fourier-limited lifetime
of the molecule (264ps). Omne photon per excited-
state lifetime of the molecule translates to 11nW
of incident power in front of the cryostat. The
incoupling efficiency is measured by monitoring the
depth of the reflection dip from an empty cavity.
This number is limited by the vibrational broadening
and a polarization offset of the incident laser beam
to allow for cross-polarized detection. When the
incoming polarization is aligned to the cavity mode,
the incoupling efficiency can be increased to ~34%.

Figure20] displays the resonant transmission of the
coupled system as a function of the laser power. The
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Figure 20. Resonant transmission of the system as a function
of pump power. The upper horizontal axis presents the incident
power before the cryostat window. The lower horizontal axis
shows the estimated photon flux at the molecule per Purcell-
enhanced lifetime. Black dots display the measured data. The
red line represents a theoretical fit.

upper horizontal axis displays the measured incident
powers in front of the cryostat, while the lower
horizontal axis shows the calibrated photon flux per
Purcell-enhanced lifetime of the molecule. The red line
represents a theoretical fit using

_ B\ . S

Here, S = nj,/n. is the saturation parameter with n.
the critical photon number to reach S = 1. The fit
gives ne = 0.44. With one incident photon per lifetime,
the system is expected to reach S ~ 2.3. This is a
direct indication of the single-photon nonlinearity of
the system.

(69)

7.2. Resonant transmission: strong photon-bunching

A single-photon nonlinear medium responds differently
to Fock-states of different photon numbers. When
sending coherent states of light through the system, the
transmitted light is expected to show non-Poissonian
photon statistics. In sectionfd] we introduced the
theoretical model for describing the photon statistics
of the transmitted light. The modification of
photon statistics results from the dynamic exchange of
excitation between the emitter and the cavity [41H43)].

We first set both the cavity and the laser frequencies
on resonance with the molecule. The light transmitted
through the system is sent to a Hanbury Brown and
Twiss (HBT) setup consisting of a 50:50 beamsplitter
and two fast avalanche photodetectors (APDs) [74].
The black dots in Fig.(a) display the measured
second-order correlation as a function of the time delay
T between the signals from the two APDs. A strong
photon bunching at zero time delay is observed with a
peak height of g(®(0) ~ 21. As explained in section
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Figure 21. Intensity-autocorrelation function g(2)(7) of the
resonantly transmitted light. (a), The black dots display the
measured data, showing photon bunching with a maximal value
of 21. The red line represents a theoretical fit considering
the effects of vibrational broadening, background light and the
instrument response function. (b), g®(7) calculated using the
fit parameters but excluding the three factors mentioned above.
(c), Same as in (b) but including the vibrational broadening.
(d), Same as in (b) but including vibrational broadening and
background light. The signal in black displays the instrumental
response function. The offset of about 2 ns is added intentionally.

the origin of photon bunching in the regime of C' > /2
is a higher two-photon transmission probability than
that for single-photons. As a result, the probability
of finding two-photon states in the transmitted light is
higher than that given by Poissonian statistics.

An estimation using Eq. yields ¢ (0) ~ 25700 for
C = 12.7, which is much larger than the observed
value. Indeed, a few extra factors need to be considered
to explain the observed signal. First, the vibrational
perturbations to the cavity length lead to a change in
the molecule-cavity detuning during the measurement.
Second, the instrumental response function broadens
and reduces the amplitude of the bunching peak.
Lastly, Poissonian background light on the detectors
lifts the background level of the ¢(®)-signal. The red
solid line in Fig.(a) displays the theoretical fit to the
measured data when accounting for these factors. The
effects of the three factors are evaluated quantitatively,
as displayed in Figs[21](b)-(d). The background light
is the main source of the reduction of the photon
bunching. We note that the strong attenuation in
transmission to the value of (1 — 3)? ~ 0.5% results
in a small signal to background ratio. Nevertheless,
the observed ¢(®(0) ~ 21 is among the highest values
of photon bunching reported from a single-emitter
system [75H79)].
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Figure 22. Photon statistics measured on the lower-frequency transmission peak at various cavity detunings. (a)-(f), Measured
g(®-functions (black dots) and theoretical fits (red solid lines) at cavity detunings illustrated by the transmission spectra in (g)-(1),
respectively. The solid blue lines mark the levels of () (0), while the dashed blue lines indicate the levels of 2—g¢(2)(0). The numbers
in the upper right corner of each plot show the inequalities (see Eqs. violated. (g)-(1), Transmission spectra (green curves)
and laser frequencies (dashed orange lines) for the measurements in (a)-(f). The cavity detuning for each measurement is displayed

in the upper right corner.

7.83. Detuned transmission: non-classical intensity
fluctuations

In the next step, we explore the variations in
photon statistics at different cavity and laser frequency
detunings. The black dots in Fig.[22|(a)-(f) display the
measured intensity-correlation functions on the lower-
frequency transmission peak when the cavity resonance
is tuned from the blue to the red side of the molecule.
The corresponding transmission spectra are shown in
(g)-(1). In (a)-(e), the intensity-correlation functions
appear ‘W’-shaped, with the value of ¢(®(0) changing
from 0.85 to 1.1 and then back to 1. The width of
the ‘W’-shaped feature decreases as the cavity is tuned
closer to the molecule. In sectionfd] it was shown that
the intracavity field a can be expressed as the sum of

the driving field E and the scattered field from the
molecule go_. The former is a coherent state following
Poissonian statistics and the latter takes the properties
of the resonant scattering by a single atom, which is
antibunched. At large molecule-cavity detunings, the
main contribution to the lower-frequency transmission
peak is from the molecular scattering. The signal thus
appears antibunched (see (a), (b)). When the cavity
is tuned to the blue side of the molecule, the lower-
frequency transmission peak changes from ‘molecule’-
like to ‘cavity’-like. The intracavity field is then mainly
from the driving field E, which follows Poissonian
statistics (see (f)). The reduction in the feature width
from (a) to (d) is a result of the Purcell effect, i.e.
the lifetime of the molecule is reduced as the cavity is
tuned closer to the molecule. The oscillatory behavior
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around zero time delay is a result of the wavefunction
collapse when a photon leaves the cavity, which results
in a sudden change in the amplitude of the intracavity

field .

One can classify the intensity fluctuation of the
measured field as classical or nonclassical. In Ref. ,
a set of three inequalities were summarized to bound
the intensity fluctuation of a classical field:

All three inequalities can be derived from the Cauchy-
Schwarz inequality [42]. The first inequality shows
that a classical light field cannot show antibunching,
i.e. the intensity fluctuation of a classical field is
bounded by the shot noise . The second inequality
shows that the ¢(®-function of a classical field cannot
exceed its value at zero time delay. The third is derived
by decomposing the intensity into its mean value and
fluctuations, implying that the maximal deviation of
the ¢(®-function from 1 appears at zero time delay. A
violation of one of the three inequalities indicates that
the field under study is nonclassical.

The solid blue lines in Fig.22)(a)-(e) mark the levels
of g (0) in each of the plots, while the dashed blue
lines show the levels of 2 — ¢(®(0). The areas in
between the two lines are within the bound of Eq.[72]
The numbers listed in the upper right corners of (a)-
(f) indicate the inequalities violated in each data set.
For larger cavity detunings, all three inequalities are
violated. In this regime, the field is nonclassical since
the main contribution comes from the scattering of
the molecule. As the cavity detuning decreases, the
field turns more ‘cavity’-like and the ¢®-functions
fall within the bounds of all three inequalities. At
an intermediate detuning (see (c)), the signal peaks
and shows slight bunching at zero time delay, but the
third inequality is still violated since the antibunching
exceeds the bounds set by the blue lines.

The observed intensity-correlation functions reveal the
rich temporal dynamics in the molecule-cavity system.
In contrast to the structural effects such as spectral
modifications which can be modeled classically
, the dynamic effects lead to nonclassical photon
correlations, which is a result of pure quantum

mechanical phenomena .

8. Interlinking two molecules with photons

Connecting individual atom-like quantum systems
via flying photons is an enabling technique for the
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Figure 23. (a), Optical microscope image of the interdigitated
ITO electrodes fabricated on a fused silica substrate. The
spacing between an electrode and its neighboring counter-
electrode (lower part) is 15 um. (b), Frequency tuning of the
source-molecule. The horizontal axis shows the applied voltage
in a triangular waveform. The vertical axis denotes the detuning
of the laser frequency with respect to the target-molecule. The
color scale indicates the fluorescence count rates on the detector.
(c), Fluorescence excitation spectrum to a |e,v # 0) level of the
source-molecule. (d), Intensity autocorrelation measurement on
the emitted 00ZPL photons.

future quantum internet . In the past decade,
exciting advances have been made in realizing photon-
atom, photon-photon quantum gates
and elementary quantum networks . Here, we
demonstrate a further step towards this goal by
connecting two single molecules with single photons.

We use the methods described in Ref. to generate
frequency-tunable single photons from a ‘source’-
molecule. First, a DBT-doped Ac crystal is prepared
and transferred onto a fused-silica substrate. On
the substrate, Indium-Tin-Oxide (ITO) electrodes are
fabricated and patterned in an inter-digitated fashion,
as displayed in Fig.23|(a). The spacing between
an electrode and its neighboring counter-electrode
is 15pum.  The sample is then cooled to 1.4K
in a second cryostat located in a neighboring lab.
We first identify a suitable source-molecule through
fluorescence spectroscopy and microscopy. Using the
DC Stark effect, we are able to tune the 00ZPL
transition frequency of the source-molecule by applying
a voltage to the electrodes. The effect of frequency
tuning is displayed in Fig.(b), where the molecule
is tuned by 0.17GHz/V in the frequency range (-1.2,
1.2) GHz with respect to the target-molecule. The
linewidth of the 00ZPL transition is 41 MHz.

The source molecule is then excited to a higher vibronic
level of its electronic excited state (|e,v # 0)) using a
Ti:sapphire laser. Its fluorescence emission is collected
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by an aspheric lens. A narrow bandpass-filter is used to
select the emission at the 00ZPL. Figure[23|(c) displays
the fluorescence excitation spectrum to the vibronic
level. About 30 000 photons per second are detected
at the local optical table. An intensity autocorrelation
measurement is performed on the 00ZPL emission, as
displayed in Fig.23|(d). An antibunching at zero time
delay with ¢(®(0) = 0.25 confirms the purity of the
single photons.

The single photons are then coupled into a single-
mode fiber and guided to the microcavity experiment.
There, the photons are coupled out of the fiber and
sent through a half-wave plate which aligns their
polarization to the cavity mode. They are focused
by the aspheric lens and coupled into the cavity. The
reflected photons are collimated by the same aspheric
lens and detected by an APD.

The red dots in Fig.(a) display the reflection
spectrum of single-photons from the target-molecule.
A peak in reflection with a width of about 600 MHz
is observed as a result of the coherent interaction of
the single-photons with the target-molecule. Although
the signal-to-noise ratio is lower, the observed signal
shows the same trend as that presented in Fig.[14](c).
To calibrate the signal, we detune the cavity resonance
to lower frequency by about 5.5 GHz. The black dots
in the same plot show the intensity of the single-
photons reflected from the detuned cavity. Here, a
notable dip appears at a slightly blue-shifted frequency
with respect to the target-molecule. The small dip
stems from destructive interference of the molecular
scattering and the cavity field. At this detuning, a
small Purcell factor (F = 3.3) is still present, thus the
photons scattered by the target-molecule are captured
with a high efficiency by the cavity mode and give
rise to the reflection dip. The slight blue shift of the
dip results from the cavity-modified Lamb shift. A
quantitative description is given by the theoretical fits
shown by the solid lines.

To further verify the observations in Fig.24|(a), we
repeat the measurements using a weak laser beam.
Figure[24](b) presents the reflection spectra from the
resonantly coupled (red) and cavity-detuned (black)
systems measured with a weak laser beam, showing the
same features as in (a). We note that the depth and
width of the dip in the detuned spectrum differs from
that measured by the single photons. The deviations
originate from the linewidth difference of the single
photons (41 MHz) and the laser beam (< 1 MHz).

This experiment demonstrates the feasibility of
interlinking two single molecules using single photons.
The coupling strength between the two molecules
can be improved by placing the source-molecule
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Figure 24. (a), Intensity of single-photons reflected from the
molecule-cavity system as a function of their frequency detuning.
The red dots present the reflection spectrum from the resonantly-
coupled molecule-cavity system. The black dots present the
reflection spectrum when the cavity is detuned by 5.5 GHz from
the target-molecule. The error bars indicate the shot noise.
The solid lines show the theoretical fits considering a weak laser
beam with a linewidth of 41 MHz. (b), The same as in (a) but
measured with a weak laser beam.

in a microcavity as well.  This experiment also
opens new doors for performing nonlinear optical
experiments with ‘true’ single photons. To this end,
the source molecule can be excited using a pulsed
laser. The periodically spaced single-photons can
then be converted to multi-photon pulses via temporal
multiplexing [84]. Exciting experiments such as single-
photon pump-probe on a single molecule can be within
reach.

9. Conclusion and outlook

In this tutorial, we presented a series of studies on
efficient light-molecule coupling enabled by a Fabry-
Perot microcavity. Resonant coupling to the cavity
resonance enhances the 00ZPL transition of a single
molecule by a factor of ~ 40, thus converting it to
a nearly ideal two-level system. The strong radiative
enhancement also led to an efficient coupling of the
molecular emission to the cavity mode. This enabled
the observation of several unprecedented linear and
nonlinear optical effects in molecular systems, such as
99% extinction of the cavity transmission, +66° phase
shift of a laser beam as well as saturation with less than
half a photon per lifetime. We confirmed the strong
optical nonlinearity of the system and observed rich
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non-Poissonian photon statistics within. Furthermore,
we showed that two molecules can be coupled via
single photons. These observations opened the door
to realizing linear and nonlinear quantum photonic
circuits based on organic platforms.

The use of a microcavity allowed us to accelerate an
optical transition from the megahertz to the gigahertz
range without reaching the strong coupling regime,
such that the emission process is greatly enhanced but
not limited by the bandwidth of the cavity. This regime
is optimal for achieving fast information and energy
extraction from the material qubits [85H87]. Although
the experiments presented in this tutorial are based on
PAH molecules, the principle of cavity enhancement is
not limited to organic systems. In recent years, many
efforts have been invested in searching for material
systems with suitable level structures to facilitate a
quantum interface between light and matter. Systems
such as neutral atoms [81,/82,/88,/89] and ions [90-92]
in the gas phase and quantum dots [93]/94], color
centers [77/95,96] and rare-earth ions [97H100] in the
solid state are promising candidates for this purpose.
Integrating these emitters with open-access Fabry-
Perot microcavities [60,{101H111] to boost light-matter
coupling is an emerging field of research.

There are several exciting prospects which can be
explored on the established molecule-cavity system.
First, by using a bright and pulsed single photon
source and active temporal multiplexing [84], one can
time the arrival of multiple photons at the molecule.
The single-photon source can be realized by using a
cryogenically compatible antenna structure [112] or
by placing a second molecule in another microcavity.
The system is then capable for demonstrating photon-
photon interactions mediated by a single molecule,
i.e. a single-photon ‘pump-probe’ experiment. Second,
by structuring electrodes on the planar mirror, the
resonance frequencies of single molecules in the cavity
mode can be tuned with respect to each other. This
will allow controlled studies of the interaction between
two or more molecules mediated by photons in the
cavity [113,/114]. Cooperative effects such as coherent
dipole-dipole coupling [115], polaritonic states and
light localization |[116|117] can be explored. Last
but not least, the open and low-volume microcavity
also allows sensing and imaging of nanoparticles [56,
118]. Combination of microcavities with micro-fluidic
systems is promising for realizing on-chip chemical- and
bio-sensors [119}/120].
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