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The development of spectroscopic techniques able to detect and verify quantum coherence is a goal of
increasing importance given the rapid progress of new quantum technologies, the advances in the field of
quantum thermodynamics, and the emergence of new questions in chemistry and biology regarding the
possible relevance of quantum coherence in biochemical processes. Ideally, these tools should be able to
detect and verify the presence of quantum coherence in both the transient dynamics and the steady state
of driven-dissipative systems, such as light-harvesting complexes driven by thermal photons in natural
conditions. This requirement poses a challenge for standard laser spectroscopy methods. Here, we propose
photon correlation measurements as a new tool to analyze quantum dynamics in molecular aggregates in
driven-dissipative situations. We show that the photon correlation statistics of the light emitted in several
models of molecular aggregates can signal the presence of coherent dynamics. Deviations from the
counting statistics of independent emitters constitute a direct fingerprint of quantum coherence in the
steady state. Furthermore, the analysis of frequency resolved photon correlations can signal the presence of
coherent dynamics even in the absence of steady state coherence, providing direct spectroscopic access to
the much sought-after site energies in molecular aggregates.
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Introduction.—The emerging field of quantum thermo-
dynamics assesses the role of quantum fluctuations on
thermodynamic properties of meso- or nanoscopic systems
[1–4]. Of particular importance is the possible role of
quantum coherence to enhance the efficiency of thermo-
dynamic processes in the quantum regime and the possible
gain for technological applications. It has stimulated a lot of
theoretical investigations into the detection of coherence
[5,6], the circumstances when this advantage can be gained
[7–10], and how much work can be gained from a quantum
system [11–13]. In parallel, recent years have also seen an
intense debate in the field of chemical physics. Sparked by
the discovery of quantum-mechanical coherence in photo-
synthetic complexes, it was hypothesized that coherent
dynamics following the absorption of sunlight might be
relevant for the functionality of these complexes, and even
form a key ingredient for the high quantum efficiency of
solar light harvesting [14–16].
However, as these discoveries are based on phase-

coherent ultrafast laser experiments [17], it was argued
that transient coherences should be irrelevant for natural
photosynthesis, and they rather constitute an artefact of the
laser usage [18,19]. Accordingly, natural photosynthesis
instead takes place in a nonequilibrium steady state, and
only coherence in such steady state regimes could reason-
ably be expected to have functional relevance. A growing
number of theoretical studies discusses the impact of light
statistics on the ensuing dynamics [20–24]. In addition, a
considerable number of theoretical models have been
put forth, where steady state coherence is induced by

environments [7,25–32], both relating to photosynthesis
and chemical reactions more generally. Yet to date, there
exists no direct spectroscopic probe of these nonequili-
brium steady states. The detection of transient coherence in
ultrafast laser spectroscopy, too, relies on a comparison to
model calculations, in order to infer the presence or absence
of coherence [33,34].
In this Letter, we introduce photon correlation spectros-

copy as a possible tool to measure coherent dynamics and
the presence of steady state coherence between excitons
in single molecule spectroscopy. Our proposal relies on
measurements of photon correlations of the light emitted by
single molecular aggregates [35–40] in natural, nonequili-
brium situations. In particular, we show how the presence
of steady-state coherence can be detected in two-photon
coincidence measurements by varying the detection polari-
zation. We further prove that frequency-resolved counting
statistics [41–47] can reveal similar information on tran-
sient coherent dynamics as two-dimensional spectroscopy
[48,49]. The analysis of these signals could provide access
to the local onsite energies in molecular aggregates, which
form one of the greatest unknowns in theoretical models
of such complexes [50–52]. Crucially, this information is
obtained in a nonequilibrium stationary state, without the
need of phase-coherent ultrafast pulses. As photon corre-
lation spectroscopy considers properties of the fluorescence
emitted from a sample, it can be carried out with excitation
by incoherent light sources, and thus provide insights into
nonequilibrium dynamics in conditions of natural illumi-
nation of the samples.
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Nonlinear laser spectroscopy vs photon correlation
measurements.—On a microscopic level, nonlinear spec-
troscopy measures the nonlinear response functions of a
sample, which can be connected to dipole correlation
functions [17]. For instance, standard techniques such as
pump-probe measurements or photon echoes measure
the third-order nonlinear susceptibility. Ultrashort pulses
prepare a nonequilibrium state, whose evolution is moni-
tored by a probe pulse after fixed time delay. This amounts
to a measurement of response functions of the form
∼hd̂iðt3Þ½d̂jðt2Þ; ½d̂kðt1Þ; ½d̂lð0Þ; ϱ0���i, where di denote
components of the sample’s dipole operator. Phase match-
ing and control of the laser polarizations allow for addi-
tional selectivity, in order to only measure quantum
pathways with the desired information [53,54], distinguish
homogeneous from inhomogeneous broadening, or detect
bath correlations from two-dimensional resonance line
shapes [48]. Multicolor extensions of such measurements
further enable the detection of correlations between elec-
tronic and vibrational dynamics [55].
As we will see below, the conceptually simpler meas-

urement of photon coincidences, a central quantity in
quantum optics described by Glauber’s second-order cor-
relation function gð2Þðt1; t2Þ, contains similar information,
as the fluorescence light can be directly translated into a
function of the sample dipole operator. Measurements of
bunching and antibunching statistics are widely employed
to characterize quantum effects in continuously driven
cavity quantum electrodynamics systems [56,57], and
are recently gaining relevance in other fields, e.g., as
a method to achieve super-resolution in biological
imaging [58]. Its most general version measures coinci-
dences between photons detected at different energy-
windows [41–47], described by the frequency-filtered
Glauber’s second-order correlation function [41]:
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where T (∶) refers to time (normal) ordering, and with

Êð�Þ
ωi;ΓðtÞ the negative/positive frequency parts of the time-

dependent electric field operator filtered at the frequency
ω by a Lorentzian filter of linewidth Γ, Êω;ΓðtÞ ¼
ðΓ=2Þ R∞

0 exp½−ðiωþ Γ=2Þt0�Êðt − t0Þdt0. Here, we will
be concerned with the simplest case of zero-delay
statistics in the stationary regime, gð2Þðω1;ω2Þ≡
limt→∞gð2Þðω1; t;ω2; tÞ. Even in the zero-delay case, the
frequency-filtered electric field involves an integral in
time, therefore containing information not only about the
stationary values of the density matrix ρ, but also about
the dynamics of the system, formally encoded in the
Liouvillian superoperator L that generates the evolution
of the density matrix, _ρ ¼ Lρ [59]. From Eq. (1) and the
definition of Êω;ΓðtÞ, it is clear that photon correlation
measurements too can be traced back to four-point corre-
lation functions of the sample dipole operators, which is
directly proportional to the radiated electric field (see
below). Therefore, as pointed out in Refs. [60,61], they
can provide similar spectroscopic information as the
measurement of the third-order nonlinear response using
ultrafast laser pulses, with the important advantage that,
rather than using ultrashort pulses to initiate the dynamics,
they can be performed in a steady state configuration.
Emission statistics from a single dimer.—Now, we

demonstrate the use of photon counting statistics to identify
coherence in the simplest conceivable composite quantum
system: a dimer composed of two dipoles described in the
two-level system (TLS) approximation [see Fig. 1(b)]. It
forms the simplest toy model to describe the formation of
excitonic states in molecular aggregates and their signa-
tures in ultrafast spectroscopy. As a consequence, dimer
systems have been widely studied in both theory [62–66]
and experiments [67], in order to better understand
dynamic or spectroscopic features in more complex real-
istic models of light-harvesting complexes.
Each dipole has a dipolar moment operator d̂i ¼

μiðσ̂i þ σ̂†i Þui, where σ̂i is the lowering operator of the
ith TLS and ui are unit vectors. The energy structure of this
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FIG. 1. (a) Sketch of the idea of photon-counting spectroscopy. Information about the state of a system (which might well be a
stationary density matrix) is inferred through the statistics of photon-counting events. (b) Geometry of the dimer-detector system.
(c) Bare basis of our toy model, Eq. (3). (d) Excitonic basis which diagonalizes the dipole Hamiltonian, Eq. (3).
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system is shown in Fig. 1(c), with jdi≡ σ̂†1σ̂
†
2jggi denoting

the doubly excited state. Considering the bare energies of
the TLSs to be ωσ , and that any internal coupling rate is
g ≪ ωσ, the positive-frequency part of far-zone electric
field operator radiated by the dimer is given by ÊðþÞðr; tÞ ¼
E1σ̂1ðt − jrj=cÞ þE2σ̂2ðt − jrj=cÞ [68], with Ei ≡
Erμi sin ηixi and Er ≡ ω2

σ=4πϵ0c2jrj. This turns Eq. (1)
into a four-point dipole correlation function. The angles ηi
and the unit vectors xi are defined in Fig. 1(b). In the
following, we consider that the detectors measure a
specific polarization uλ, yielding scalar fields ÊðþÞðr; tÞ ¼
E1;λσ̂1ðt − jrj=cÞ þ E2;λσ̂2ðt − jrj=cÞ, where E1ð2Þ;λ≡E1ð2Þ·
uλ. Using the angle definitions shown in Fig. 1(b), and
omitting from now on the subscript λ for convenience, we
can write Ei ¼ Erμi sin ηi cosϕi, with ϕ1 ¼ φ, ϕ2 ¼ θ − φ.
Thus, E1 and E2 are determined by the relative orientation
of the dipoles θ, the polarizer angle φ, and the position of
the detector. To simplify the discussion, we first consider
unfiltered photon counting statistics on a single detector,
as sketched in Fig. 1(b). Thus, Glauber’s zero-delay,
second-order correlation function simply reads gð2Þð0Þ ¼
hÊð−ÞÊð−ÞÊðþÞÊðþÞi=hÊð−ÞÊðþÞi2. Writing the correlators in
terms of the elements of the density matrix ρij ¼ hijρ̂jji as
hσ̂†1σ̂†2σ̂1σ̂2i ¼ ρdd, hσ̂†1σ̂1i ¼ ρe1e1 þ ρdd, hσ̂†2σ̂2i ¼ ρe2e2 þ
ρdd and hσ̂†1σ̂2i ¼ ρe2e1 , we straightforwardly obtain

gð2Þð0Þ ¼ 4ðE1E2Þ2ρdd=½E2
1ρe1e1 þ E2

2ρe2e2

þ ðE2
1 þ E2

2Þρdd þ 2E1E2ℜρe2e1 �2: ð2Þ
Bounded photon fluctuations in uncoupled systems.—

Importantly, Eq. (2) features the steady-state coherence
ρe2e1 in the denominator. This terms enters the equation
through hÊð−ÞÊðþÞi, which may suggest that a simple
measurement of the intensity could suffice to determine
the existence or absence of coherence. However, the
intensity alone cannot distinguish coherence without a pri-
ori knowledge of the dipole strength of the sample.
On the other hand, a measurement of gð2Þð0Þ can

unambiguously verify the presence of excitonic coherence
in the steady state. To prove this, we will now evaluate
Eq. (2) for a reference case in which no coherence exists.
This reference case consists of two TLSs with no coher-
ence, neither in the bare or the excitonic (energy) basis
and no population imbalance, i.e., a state that fulfils the
following three no-coherence conditions: (i) hσ̂ii ¼ 0,
(ii) hσ̂†i σ̂ii≡ p, and (iii) hÔiÔji ¼ hÔiihÔji, where
i ∈ f1; 2g, Ôi is any operator of the ith emitter, and
i ≠ j. This is the expected situation, for instance, in the
case of excitation by sunlight. In terms of the density matrix
elements, these conditions read (i) ρe1e2 ¼ ρe2e1 ¼ 0,
(ii) ρe1e1 ¼ ρe2e2 ¼ pð1 − pÞ, and (iii) ρdd ¼ p2. We now
show that photon correlations allow us to identify states
where these no-coherence conditions are not fulfilled,

therefore signalling the presence of coherence.
Substituting these conditions into Eq. (2), we find
gð2Þð0Þ ¼ 4ðE1E2Þ2=ðE2

1 þ E2
2Þ2. Defining the ratio

r ¼ E2=E1, we get gð2Þð0Þ ¼ 4r2=ð1þ r2Þ2, which has
an upper bound of 1. This yields the restriction gð2Þð0Þ ≤
1 for uncoupled emitters, allowing to define the criterion
gð2Þð0Þ > 1 to identify coherence. We carry out a similar
analysis for an aggregate of N emitters in the Supplemental
Material [69], showing that, in the most general case in
which N is unknown, we can establish a more general
criterion gð2Þð0Þ > 2 to signal coherence.
Specific model.—We now provide a particular example

on how coherence can be detected by fulfilling these
inequalities in the case of a dimer. To this end, we introduce
a driven-dissipative dynamical model of the dimers in
which we will tune the steady state coherence by intro-
ducing ad hoc asymmetric incoherent pumping.
The model consists of two coupled TLSs with frequen-

cies ωσ � Δ=2, described by the dipole Hamiltonian

Ĥd ¼ ðωσ − Δ=2Þσ̂†1σ̂1 þ ðωσ þ Δ=2Þσ̂†2σ̂2
þ Jðσ̂†1σ̂2 þ H:c:Þ; ð3Þ

where J denotes coherent coupling between the TLSs.
The eigenstates for J ¼ 0 correspond to the bare or site
basis, fjggi; je1i; je2i; jdig, see Fig. 1(c). In the general
case J ≠ 0, the eigenstates in the one-excitation subspace
are jþi ¼ cje1i þ sje2i and j−i ¼ sje1i − cje2i, where
c ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ−2

p
, s ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

p
, ξ ¼ J=ðΔ=2þ RÞ and

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J2 þ ðΔ=2Þ2

p
, so that the corresponding energies are

ω� ¼ ωσ � R. We will consider the general case in which
R ≠ 0 and greater than the natural linewidths in the system,
i.e., we will assume that one can observe two spectrally
resolved peaks in the emission at the energies ω�. In order
to keep the peak separation fixed, regardless of its possible
origin, we parametrize Δ and J by a mixing angle β as
J ¼ R cos β and Δ=2 ¼ R sin β. Thus, the case β ¼ 0
corresponds to two peaks originating from two coupled,
resonant dipoles, and β ¼ π=2 to two uncoupled, detuned
dipoles.
The driven-dissipative dynamics of the dimers in the

presence of losses and incoherent driving is described
by the master equation _̂ρ ¼ −i½Ĥ; ρ̂� þP

i γDσ̂ifρ̂g=2þP
i PiDσ̂†i

fρ̂g=2, with DÔfρ̂g≡2Ô ρ̂Ô†−Ô†Ô ρ̂−ρ̂Ô†Ô,

where γ is the decay rate of both dimers and Pi the
incoherent pumping rate of the ith dimer. Importantly, we
allow for different incoherent excitation rates that can
give rise to population imbalance. This is relevant since
coherences in the excitonic basis are given by ρ−þ ¼
csðρe1e1 − ρe2e2Þ þ s2ρe2e1 − c2ρe1e2 . Thus, in order to have
coherence in the excitonic basis we need coherence and/or
population imbalance in the site basis, which we can
enforce by setting J ≠ 0 (so c ≠ 0) and P1 ≠ P2. As shown
in Fig. 2(a), the pumping imbalance gives rise to steady
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state coherence between the excitonic states of the dimer
which is directly proportional to the asymmetry of the
pumps [69]. This allows us to illustrate the potential of
gð2Þð0Þ measurements to unveil coherences in the excitonic
basis, as we demonstrate in Fig. 2(b), where gð2Þð0Þ is
plotted vs the anisotropy of the pumping and the polarizer
angle of the detector setup. This plot reveals regions
with gð2Þð0Þ > 1, hence signalling the presence of steady
state coherence in a dimer, and even gð2Þð0Þ > 2, which
signals coherence in a system regardless of the number of
emitters [69]. Only when there is coherence in the steady
state, the variation of the polarizer angle yields a value
larger than unity for some angle that depends on the dimer
parameters [69], and thus enables the direct detection of
steady state coherence. This is the first main result of our
Letter, and is supported by further calculations for larger
aggregates shown in the Supplemental Material [69].
Crucially, while the fulfilment of the criterion implies
the existence of coherence, the reverse is not necessarily
true [69], and therefore this measurement should be thought
of as a coherence witness.
Frequency-resolved measurements.—The previous

analysis has been devoted to revealing coherence in the
stationary density matrix of the system using photon
correlation measurements. Now, we explore how fre-
quency-resolved measurements [see Eq. (1)] introduce a
time resolution that allows us to reveal transient coherent
dynamics even when these average to zero in the steady
state [see Fig. 3(a)], allowing us to distinguish this case
from that of detuned, uncoupled emitters. In our model, we
can describe coherent dynamics that yield zero stationary
coherences by setting J ≠ 0, P1 ¼ P2, which is the case we
consider from now on.
From now on, we will be concerned with the light

emitted at the two possible transition energies between

eigenstates, ω�, see Fig. 3(b). Figure 3(c) shows the
polarization profile of the light emitted at these two

frequencies, given by Sðω�Þ ¼ limt→∞hÊð−Þ
ω�;ΓðtÞÊ

ðþÞ
ω�;ΓðtÞi,

for several combinations of β and θ. If we consider that
most of the emission will come from the single-excitation
subspace, so that Sðω�Þ ∝ jhggjÊðþÞj�ij2, we expect

Sðω�Þ ∝ E2
1=2c

2 þ E2
2=1s

2 � 2csE1E2: ð4Þ

These equations can qualitatively explain the features in
Fig. 3(c). Namely, for θ ¼ 0, the two dipoles are aligned,
so both peaks exhibit the same dependence with the
polarizer angle φ. For θ ¼ π=2, the two are orthogonal,
E1 ∝ cosφ, E2 ∝ sinφ. A frequency-resolved polarization

(a)

(b)

FIG. 2. (a) Coherence between excitonic states versus the
pumping anisotropy P2=P1. When P1 ¼ P2, no excitonic coher-
ence exists. (b) Dependence of gð2Þð0Þ on the polarization angle φ
and the anisotropy P2. Parameters: R ¼ 4γ, β ¼ π=3, J ¼ 2γ,
θ ¼ π=2, P1 ¼ 0.1γ. Coherence is evidenced by the existence of
regions with gð2Þð0Þ > 1.

C
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(d)
(e)

Uncoupled Coupled

FIG. 3. (a) Monte Carlo trajectories depicting ρe1e1 (solid,
yellow line), ρe2e2 (dashed, blue line), and ρe1e2 (dot-dashed,
red line) during the process of absorbing and emitting several
photons, with and without coherent couplings. For P1 ¼ P2, the
oscillatory dynamics of the coherences average to zero steady-
state coherence. (b) Sketch of a frequency-resolved correlation
setup measuring correlations between the two spectral peaks at
ω�. (c) Polarization measurements of the spectrum of emission at
frequencies ω� for different values of coherent coupling J ¼
R cos β and interdipole angle θ. (d),(e) Cross-correlation mea-
surements at θ ¼ π=2 versus detection polarization for different
values of β. Parameters: R ¼ 2γ, P1 ¼ P2 ¼ 0.1γ, Γ ¼ γ.
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measurement therefore provides valuable information
about the internal structure of the dimer, since the angle
between the two lobes gives an estimate of θ. However, the
information obtained about the presence of coherent
dynamics is limited: only in the case of aligned dipoles
and β ¼ π=2, the presence of two peaks with the same φ
dependence unambiguously signifies the absence of coher-
ent coupling. All the other cases shown in Fig. 3(c), are
ambiguous, i.e., one cannot tell whether the peaks are
created by uncoupled or coupled emitters.
Coherent couplings can, however, be unveiled by corre-

lation measurements in the frequency domain. Without loss
of generality, we focus on the case θ ¼ π=2. We analyze
cross-correlations between the two emission peaks at ω�
[see Fig. 3(b)], since any possible two-photon deexcitation
process from jdi will involve one photon at each of those
two frequencies [see Fig. 1(c)]. As we show in Figs. 3(d)
and 3(e), measuring this cross-peak correlation for different
values of φ reveals bunching features [gð2Þðωþ;ω−Þ > 1]
only in the presence of coherent coupling, even if the
steady-state coherence is zero in all cases. To qualitatively
understand this observation, we note that, at β ¼ 0 and
φ ¼ π=4, coherent coupling yields a destructive interfer-
ence of the emission at ω− originating from the first-
excitation subspace, i.e., Sðω−Þ ¼ 0 in Eq. (4).
Consequently, any emission detected at ω− must originate
from the transition from the doubly excited state jdi to state
jþi, and will therefore show strong correlations with
subsequently emitted photons from jþi to jggi at frequency
ωþ. The position of bunching feature at φ ¼ π=4 moves as
β increases due to the induced rotation of the polarization
on the emission lines as β varies [see two rightmost figures
in panel (c)]. In the absence of coupling, the two peaks must
originate from two independent, detuned emitters, and one
recovers the expected result for uncorrelated emission,
gð2Þðωþ;ω−Þ ≈ 1 [69]. Note the qualitative difference
between the statistics of coupled and uncoupled cases
[Fig. 3(e)] as compared to the spectrum [Fig. 3(c)].
Conclusions.—We have established the potential of

steady-state photon correlation measurements as a novel
tool for molecular spectroscopy. The analysis of the
emission statistics of different models of molecular aggre-
gates revealed that it is possible to detect the presence of
environment-induced steady state coherence in the system.
A detailed analysis of larger systems will be pursued in
future research. In frequency-resolved measurements, we
observe that, akin to cross-peaks in two-dimensional laser
spectroscopy [48], the bunching of photons at two different
frequencies indicates coherent coupling between the
dipoles. The strength of the coherent coupling can be read
off the bunching ratio, and provides direct access to the bare
emitter frequencies, whose accurate determination is of
critical importance to relate structural and optical properties
in molecular aggregates [50–52]. Our results clearly dem-
onstrate that photon correlations can provide a new

valuable tool for experimentalists and open new avenues
in the field of quantum spectroscopy [70,71].
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