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We present a joint experiment–theory analysis of the temperature-dependent emission spectra,
zero-phonon linewidth, and second-order correlation function of light emitted from a single organic
molecule. We observe spectra with a zero-phonon-line together with several additional sharp peaks,
broad phonon sidebands, and a strongly temperature dependent homogeneous broadening. Our
model includes both localised vibrational modes of the molecule and a thermal phonon bath, which
we include non-perturbatively, and is able to capture all observed features. For resonant driving
we measure Rabi oscillations that become increasingly damped with temperature, which our model
naturally reproduces. Our results constitute an essential characterisation of the photon coherence
of molecules, paving the way to their use in future quantum information applications.

Deterministic sources of indistinguishable single photons are a key requirement for many quantum information applications [1, 2]. In recent years single molecules
of dibenzoterrylene (DBT) have emerged as a promising
platform to develop such a source due to a range of desirable properties such as high photostability, high quantum yield [3], favourable absorption and emission wavelengths [4], a high branching ratio to the zero-phonon
line (ZPL) [5] and wavelength tunability across their
entire inhomogeneous distribution [6]. DBT can exhibit a lifetime-limited ZPL at cryogenic temperatures (≤
4 K) [7] without any extensive measures to control the local environment such as optical cavities, plasmonic structures or electrical gating. These favourable properties
have enabled experiments with isolated DBT molecules
demonstrating fs-timescale spectroscopy [8], photon indistinguishability measurements [9], and environmental
acoustic strain characterization [10], while recent theoretical work has investigated the vibrational [11], triplet,
and doubly excited states of DBT [12]. A promising environment to house DBT molecules is thin nano-crystals
of anthracene [13–17] where the molecules cause little
distortion [7] to the van der Waals bonded crystal.
With all solid state emitters it is essential that the
temperature dependence and nature of the phonon coupling and decoherence effects are well characterised and
understood [18]. These affect the efficiency and indistinguishability of a solid-state single photon source and
must be carefully taken into account when designing photonic cavity structures or filtering systems which aim to
maximise source figures of merit [19, 20]. In this work we
present a detailed experimental interrogation of the optical properties of a DBT–anthracene system, and develop
a theoretical model which fully captures all observed features, allowing us to uncover the underlying phonon coupling mechanisms. The temperature-dependent spectra
shown in Fig. 1(a) have a rich structure, with a ZPL,
several additional narrow lines, and broad sidebands. We

are able to associate these with, respectively, direct photon emission, photon emission accompanied by one excitation of a localised vibrational mode of the molecule,
and simultaneous emission of a photon and a phonon into
the anthracene crystal. Closer analysis reveals temperature dependent homogeneous broadening of the ZPL,
which in our model arises from anharmonicity captured
by second order electron-phonon coupling terms in our
Hamiltonian. These findings have implications for efforts in coupling molecules to photonic structures, where
the collection efficiency, purity, and indistinguishability
of DBT emission is significantly modified by phonon effects [21–25]. Moreover, the DBT-anthracene crystal is
an exemplary open quantum system in its own right, and
could be used to test fundamental non-equilibrium concepts such as non-Markovianity [26].
Our single molecule spectroscopy experiments [27, 28]
were based on a DBT-doped nano-crystal of anthracene,
grown using a re-precipitation technique [16]. This
was placed in a closed-cycle cryostat incorporated in a
confocal microscope shown schematically in Fig. 1(b).
A continuous wave laser was used to excite the DBT
molecule to a higher vibrational level of the excited state
S1,n>0 . The molecule then rapidly relaxes (in ps) to the
purely electronic excited state S1,0 before decaying to
the ground state manifold S0,n . The emitted fluorescence was collected by the confocal microscope and dispersed by a grating onto a CCD camera to measure the
spectrum. The excitation laser was also tuned over the
S0,0 ↔ S1,0 ZPL transition for varying illumination intensity while detecting red-shifted photons from the decay of S1,0 → S0,n>0 to measure a fluorescence excitation spectrum. By splitting this fluorescence on a beamsplitter and monitoring detection times on the two outputs, we measured the second-order intensity correlation
function, allowing us to confirm we were dealing with a
single DBT molecule. These measurements were then repeated for temperatures from 4.7 K to 40 K. More details

2
Detuning (THz)
−4

−2

0

(b)

T = 4.7 K

−30

−20

−10

0

APD
MMF
50:50

Obj.

T = 31 K

0.5

EM
ENVIRONMENT

0

−40

−30

−20

−10

Scanning
Mirrors

0

10-1

~4

10-2

−40

−30

−20

−10

Detuning (meV)

0

THERMAL
PHONON
BATH

50

4
3
2
1

S1,n

0

nm
764.8 nm

S (ω)

APD

Cryostat
1

LOCAL
VIBRATIONAL
MODES
TWO-LEVEL
SYSTEM

Spectrometer
−40

10-2
1

(c)

~ 170 nm

S0,n

EX

800.6 nm

S (ω)

10

-1

From Laser

LPF

0.5
0

90:10

798.0 nm

−6

796.7 nm

1

−8

793.1 nm

−10

782.32 nm

1

Sample

(a)

4
3
2
1
0

FIG. 1. (a) Single DBT molecule emission spectra taken at 4.7 K (top) and 31 K (bottom). Black-dashed lines show the full
theoretical model and grey-solid lines show experimental data. The theoretical spectrum showing only the zero-phonon-line
and local vibrational mode peaks is shown in purple [c.f. Eq. 3], while the broad phonon sideband contribution is shown in
orange [Eq. 4]. The insets show the spectra on a linear scale. (b) Simplified schematic of the confocal microscope. Dark green is
the pump light, and red is the fluorescence. 90:10: 90% reflection, 10% transmission beam-splitter; Obj.: Objective lens; LPF:
long-pass filter; MMF 50:50: 50% reflection, 50% transmission multimode fiber beam splitter; APD: avalanche photodiode.
The nano-crystal sample (bottom right) consists of DBT (bottom left) embedded in anthracene. (c) Open quantum system
model of a single DBT molecule. The system (blue) contains a two level electronic system (TLS) coupled to a discrete set
of vibrational modes and an electromagnetic environment. The thermal phonon bath originates from the nano-crystal and is
coupled separately to both system elements. The arrows connected to the TLS represent a non-Markovian interaction including
feedback. The schematic energy level diagram shows the ground S0 and excited S1 electronic singlet states with energy splitting
EX , and local vibrational modes, all broadened by the thermal phonon environment.

can be found in the Supplementary Information [29].
Inspired by the spectra in Fig. 1(a) our model of a DBT
doped anthracene nano-crystal is shown schematically in
Fig. 1(c). It consists of a two-level-system (TLS) with
ground and excited states |gi and |ei split by energy EX ,
coupled to the electromagnetic (EM) field, harmonic oscillators representing localised vibrational modes of the
molecule, and a thermal phonon bath of the anthracene
crystal. We treat the TLS and localised vibrational
modes within our system degrees of freedom, and thus
capture their interactions to all orders. The Hamiltonian
of the complete system is
H = HS + HE + HIEM−TLS + HIPH−TLS + HIPH−LV , (1)
PN
where HS = EX σ † σ + ~ i=1 [∆i a†i ai + ηi σ † σ(a†i + ai )],
with σ = |gihe|. The N localised modes described by annihilation (creation) operators ai (a†i ) and energy splittings ∆i are coupled
to the TLS
P
P with strengths
P ηi . The
term HE = ~ l νl c†l cl + ~ k ωk b†k bk + ~ q zq d†q dq ,
contains contributions from harmonic baths describing
the EM environment with frequencies νl and annihilation
operators cl for mode l, and two thermal phonon baths
which separately couple to the TLS and local vibrational
modes, with frequencies ωk and zq and annihilation operators bk and dq for wavevectors k and q.
The EM environment–TLS interaction term HIEM−TLS
gives rise to spontaneous emission, while HIPH−TLS =

PH
PH
HI,1
+ HI,2
couples the phonon bath
TLS, inP to the
†
PH
†
cluding terms linear, HP
=
~σ
σ
g
(b
+
bk ), and
k
I,1
k
k
PH
= ~σ † σ kk0 fkk0 (b†k +bk )(b†k0 +bk0 ) in the
quadratic HI,2
phonon displacements, with coupling constants gk and
fkk0 respectively [30–32]. The linear electron–phonon
interaction describes a displacement of the phonon potential well minima. The quadratic term is present as
we take the electron–phonon coupling to second-order in
the atomic displacements of the crystal lattice, and gives
rise to anharmicity of the phonon modes mediated via the
TLS [33, 34]. As we will see, the quadratic interaction is
crucial for capturing the temperature dependent homogeneous broadening of the ZPL in the emission spectra [35].
The final interaction term HIPH−LV couples the thermal
phonon bath to the localized vibrational modes [29].

We now develop a master equation using an extension to the polaron transform approach [19, 36–38], here
performing two transformations which displace both the
thermal phonon bath and local vibrational modes. The
first transformation displaces bath phonons dependent on
the TLS state, bk → bk + σ † σgk /ωk . This removes the
linear TLS–phonon coupling term by moving into a basis which includes the distortion of the anthracene lattice
in response to the electronic excitation. This dresses the
TLS with phonon degrees of freedom, which when viewed
in the original frame, accounts for non-Markovianity between the TLS and the thermal phonon bath. The second
transformation acts on the TLS and the localised modes,
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FIG. 2. (a) Debye–Waller factor, hBi2 , for varying temperature. The solid line shows the theory. The inset shows the
calculated spectrum of the ZPL and sideband at temperatures where the data was taken. (b) Squared-linewidths extracted
from fluorescence excitation spectra for varying power at different temperatures. Lines are fits to ∆ν 2 = (Γ2 /π)2 (1 + S). (c)
Experimental values of Γ2 found from the fits in (b), plotted together with prediction from the theoretical model (solid line).
The inset shows the calculated Lorentzian ZPL for temperatures at which the data was taken.

which similarly removes the (linear) interaction terms,
and dresses the TLS degrees of freedom with those of
the vibrational modes. We then derive a Born-Markov
master equation in the polaron frame [19, 36, 37, 39].
In a rotating frame and in the Schrödinger picture, the
master equation describing polaron-frame reduced density operator of the TLS and the localised modes is [29]
∂t ρ(t) = Γ1 Lσa [ρ(t)] + 2Γ∗2 (T )Lσ† σ [ρ(t)]+
(2)

X
†
− i∆i [ai ai , ρ(t)] + Γi,+ La† [ρ(t)] + Γi,− La [ρ(t)] ,
i


where LA [ρ(t)] = Aρ(t)A† − 21 A† A, ρ(t) , Γi,+ =
κi n(∆i ) and Γi,− = κi (n(∆i ) + 1) with n(∆) =
(e~∆/kB T −1)−1 . The first term in Eq. (2) originates from
the TLS-EM field interaction and describes spontaneous
emission with rate Γ1 = 1/T1 where T1 is the excited
state lifetime. We
Qnote that it contains the dressed dipole
operator σa = σ i Bi with Bi = exp[ηi (a†i −ai )/∆i ], and
as such accounts for simultaneous emission of a photon
and excitation of localised modes. The second term describes TLS pure-dephasing
with temperature dependent
P
rate Γ∗2 (T ) ∝ k,k0 |fk,k0 |2 n(νk , T )(n(νk , T )+1), derived
from the quadratic TLS–phonon bath coupling term.
The local vibrational mode absorption and decay rates
Γi,± depend on κ, which is proportional to the vibrational mode–phonon bath spectral density JPH−LV (ω) =
P
2
q |pq | δ(ωq − ω), where pq are the local vibrational–
phonon bath coupling constants. We take a super-Ohmic
spectral density JPH−LV (∆i ) ∝ ∆3i /ζ 2 e−∆i /ζ , to reflect
the three-dimensional and weak nature of the coupling,
where ζ is the phonon bath cut-off frequency [40–42].
The
R ∞ emission spectrum is given (1)by S(ω) =
Re[ 0 dτ g (1) (τ )e−iωτ ]
where
g (τ )
=
R∞
†
dt E(t + τ ) E(t) is the first order correlation func0
tion with E(t) the positive frequency component of the
electric field operator. Following Refs. [19, 43], we solve
the Heisenberg equations
pof motion in the polaron frame
to find E(t) = E0 (t) + Γ1 /2πσa (t)B− (t), where E0 (t)
is the free field, assumed to be in the vacuum. We note
the second source term contains both TLS and thermal
phonon bath degrees of freedom, seen through the ap-

pearances of σa and
P the phonon bath displacement operator B± = exp[± k gk (b†k −bk )/ωk ]. We can make use of
the varying time scales of the phonon relaxation (∼ 1 ps)
and photon emission (∼ 1 ns) to factorise the correla(1)
tion function, finding g (1) (τ ) ≈ (Γ1 /2π)g0 (τ )G(τ )
2
where
G(τ )
=
hBi exp[φ(τ )], with φ(τ )
=
R∞
−2
dωJ
(ω)ω
(coth(~βω/2)
cos(ωτ
)
−
i
sin(ωτ
))
and
PH
0
hBi = exp[−φ(0)/2] [19, 44]. The electron–phonon
specP
tral density introduced here is JPH (ω) = k gk2 δ(ω−ωk ),
R∞
(1)
while g0 (τ ) =
dt σa† (t + τ )σa (t) .
We find
0
the emission spectrum can therefore be written
S(ω) ∝ SZPL+LV (ω) + SSB (ω), where
hZ ∞
i
(1)
2
SZPL+LV (ω) = hBi Re
dτ g0 (τ )e−iωτ ,
(3)
0

describes peaks associated with the ZPL and localised
phonon modes, and
hZ ∞
i
(1)
2
SSB (ω) = Re
dτ g0 (τ )(G(τ ) − hBi )e−iωτ . (4)
0

describes a broad phonon sideband complementing each
peak. A key advantage of working in the polaron
(1)
frame is that the correlation function g0 (τ ) can be
found using the (Markovian) quantum regression theorem [45, 46], while non-Markovian interactions necessary
to capture phonon sidebands are naturally captured by
the phonon bath correlation function G(τ ) in Eq. (4).
Furthermore, by writing the spectrum in this way we
can immediately see that the Debye–Waller factor (fraction
of light not Remitted into sidebands) is given by
R
2
SZPL+LV (ω)dω/ S(ω)dω = hBi .
Predictions of our model are shown by the black
dashed curves in Fig. 1(a). The peak at zero detuning corresponds to the ZPL at 782.32 nm, while the
other prominent peaks arise from local vibrations of the
DBT molecule excited during the photon emission process [33, 47]. We find N = 4 separate DBT vibrational
modes are needed to reproduce these features. The fitted mode energies ~∆i are consistent (to within 2%) with
previous works [11], and are listed in the Supplementary
Information together with the fitted coupling constants
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ηi . To achieve good fits we found it necessary to include
only the ground and first excited state for each mode
in our calculations, meaning that higher vibronic transitions contribute little to the observed spectra.
The purple curves in Fig. 1(a) show the calculated
spectra including only the ZPL and local vibrational
mode peaks using Eq. (3), while the orange curves show
the phonon sideband contribution given in Eq. (4). The
shape of the sideband depends on the functional form of
the spectral density JPH (ω) which characterises the frequency spectrum of the electron–phonon coupling.
We


use the super Ohmic form JPH (ω) = α ω 3 exp −ω 2 /ξ 2 ,
where α captures the√overall TLS–phonon bath coupling
strength, and ξ = 2v/d is a high-frequency cut-off
to reflect the suppression of coupling to phonons whose
wavelengths are much smaller than the size of the DBT
molecule d, where v is the speed of sound in anthracene.
These parameters are extracted from fits to the emission
spectra. This form is similar to that used to capture
excitation-induced dephasing and phonon sidebands in
semiconductor QDs, and can be derived by approximating the electronic ground and excited states as Gaussian
wavefunctions [19, 36, 37, 43, 48, 49].
The fraction of the emission which goes into the
ZPL and local vibrational mode peaks is given by the
Debye–Waller factor, which in our theory is equal to
the square of the
R ∞ average phonon bath displacement
2
hBi = exp[− 0 JPH (ω)ω −2 coth(βω/2)dω]. This is
plotted as a function of temperature in Fig. 2(a), together
with the corresponding experimentally extracted values.
We see that for this molecule we have a maximum ZPL
fraction of 72%. This is lower than expected for DBT and
could partially account for the reduction in coupling observed recently for single molecules in open-access microcavities compared to their predictions [21, 25]. However,
the observed fraction could also be due to the close proximity of surfaces in the nano-crystal host used in these
experiments [50], and further tests with co-sublimation
grown crystals [14] may yield a different result.
Broadening of the emission lines in the spectra is
captured by the dissipators in Eq. (2). Of particular interest is the homogeneous broadening of the ZPL
with temperature. In our model this broadening follows
Γ2 (T ) = Γ1 /2 + Γ∗2 (T ), where Γ∗2 (T ) is a phonon-induced
pure dephasing rate. To investigate this broadening in
a way that is not affected by the resolution of the spectrometer, we compare our model to measured fluoresence excitation spectra of the ZPL for varying excitation
power, measured outside the cryostat before the objective lens. The results at various temperatures are shown
in Fig. 2(b). The width of the measured
Lorentzian lines
√
can be expressed as ∆ν = Γ2 /π 1 + S with saturation
parameter S, allowing us to find Γ2 by extrapolating
the width to zero power [47]. The extracted Γ2 (T ) are
shown in Fig. 2(c), together with the theoretical prediction. This molecule was slightly broadened at our lowest
achievable temperature of 4.7 K, and our model predicts
cooling below 3 K would be sufficient to reach a lifetime-
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FIG. 3. Measured g (2) (τ ) taken from the DBT molecule at
(a) 4.7 K and (b) 31 K. Black shows the experimental data.
Red solid lines show the theoretical model convolved with a
Gaussian function to account for the detector timing jitter
and purple dashed lines show the model without convolution.

limited linewidth (Γ2 = Γ1 /2). The broadening originates from mixing between vibronic states induced by anharmonic effects. This requires the participation of two
phonons from the residual bath, and as such necessitates
the inclusion of quadratic terms in our Hamiltonian to
be captured. Furthermore, the phonon absorption process results in a strong temperature dependence which
our model accurately predicts.
To further demonstrate the versatility of our model, we
now investigate the time-domain dynamics of the DBT
molecule by measuring the second-order intensity correlation function under continuously driven resonant excitation conditions [51]. To do so we introduce an additional
driving term HDR = Ω2 (σ + σ † ) to the system Hamiltonian HS defined in Eq. (1), with Rabi frequency Ω.
This results in a slightly modified master equation [29].
The normalised intensity correlation function is then
2
g (2) (τ ) = E † E † (τ )E(τ )E ss / E † E ss , where averages
are calculated in the steady-state, and τ is the time delay between detection events [47]. The calculated g (2) (τ )
and experimental data are shown in Fig. 3, for temperatures of 4.7 K in (a) and 31 K in (b). This measurement
probes the excited state population of the molecule conditioned on being in the ground state at τ = 0. The dip
at τ = 0 reflects the strong suppression of multi-photon
emission events and is characteristic of a single photon
source. At T = 4.7 K Rabi oscillations can be seen, which
represent the coherent exchange of excitations from the
driving laser to the system. For our calculations we take
the molecular parameters extracted from the experimentally measured spectra, with the Rabi frequency Ω as
the only additional fitting parameter. Interestingly, the
bare Rabi frequency Ω that gives the best fit is not the
observed Rabi frequency of the
Qoscillations in Fig. 3(a).
Instead a value of Ωr = Ω hBi i hBi i is observed, which
accounts for renormalisation of the bare Rabi frequency
arising from phonon coupling [52]. At higher temperatures phonon interactions increasingly damp these oscillations, as is the case in Fig. 3(b).
We have presented a joint experiment–theory analysis that comprehensively describes the emission proper-
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ties of a single DBT molecule encased in an anthracene
nano-crystal. The model captures the zero-phononline, four peaks associated with local vibrational modes
of the molecule, phonon sidebands, and a temperature
dependent homogeneous broadening of the ZPL which
arises when we include anharmonic effects by taking
the electron–phonon interaction to second order. These
findings have important consequences for the use of
molecules as single photon sources in quantum information applications [53]. The photon indistinguishability is the square of the probability of emission into the
ZPL multiplied
by its coherence, and our model gives
Q
4
4
I = [ i hBi i ] hBi Γ1 /(2Γ2 ), which we see is strongly
affected by the various phonon related features that we
identify. Our work constitutes a natural starting point
for future studies investigating effects associated with the
coupling of molecules to optical waveguides [22–24] and
cavities [21, 25, 54]. The model could be extended in the
future to other promising solid-state quantum emitters
for which phonon coupling effects are important, such as
defects in crystals and two-dimensional materials.
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molecular systems encased in crystals [55].
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S. Götzinger, and V. Sandoghdar, Phys. Rev. X 7,
021014 (2017).
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