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Excitonic energy transport (EET)

Quantum machine for efficient light
harvesting

Efficient?

Quantum?

Machine?

�� ��Valleau et al., ACS Cent. Sci. 3, 1086, (2017)

Studied for decades

During the last decade using
ultrafast optical spectroscopy

Quantumness from ultrafast spectroscopy www.warwick.ac.uk/qinfo 2



The hype
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Why do I/we care ?

Physics: Comparable system & system-bath energy scales

Chemistry: Excitons dynamics in organic systems

Figure: Femma-Matthews-Olson (FMO) complex

Engineering: Design principles for artificial light harvesting

?? Biology: Does evolution exploit/use quantum mechanics?�� ��Valleau et al., ACS Cent. Sci. 3, 1086, (2017)
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Efficiency: Structure-dynamics relationship

Very few naturally occurring light harvesting complexes
REVIEW ARTICLE NATURE PHYSICS DOI: 10.1038/NPHYS2474
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Figure 1 |A quantummachine for efficient light-energy harvesting. The well-studied FMO complex in the light-harvesting apparatus of green-sulphur
bacteria exhibits some signatures of quantum coherent energy transfer. Experimental and theoretical works have scrutinized the precise mechanisms and
quantumness of the energy transduction through this protein. Research in this field might reveal new quantum mechanical principles for improving the
efficiency of energy harvesting in biology. a, Diagram of the photosynthetic apparatus of green sulphur bacteria, including its antenna, energy-conducting
baseplate and FMO complexes, and reaction centre. The chlorosome antenna (green discs) is composed of roughly 200,000 BChl-c molecules, and is an
exceptionally large structure that is designed to capture as many photons as possible in the low-light conditions the bacteria thrive in. Sunlight creates an
excitation in this antenna that is transferred (red arrows) to the reaction centre through one of several FMO complexes. b, The BChl-a arrangements of one
of the FMO pigment-protein complexes through X-ray diffraction. The FMO complex comprises eight (although only seven are shown here)
bacteriochlorophyll-a (BChl-a) molecules that are encased in a protein scaffolding (not shown). The excitation arrives from the chlorosome at one of the
sites, typically thought to be the site denoted as 1. This excitation is then transported from one BChl molecule to the next. Once it arrives at site 3 it can
irreversibly enter the reaction centre and start a charge-separation process.

always transferred to the reaction centre faster than it can be lost
to fluorescence relaxation.

How then might quantum coherence in the transport process
help the excitation get to where it needs to go? Several physically
plausible explanations have been proposed. Some theoretical
approaches focused on treating the protein environment as a
Markovian anduncorrelated thermal bath. Thismeant that each site
in the FMOcomplex feels its own individual randomenvironmental
noise. Such treatments26,27 suggest that the combination of the
coherence of the excitation transport and the thermal environment
creates a level-broadening effect. Simple models19,26–28 predict that
this allows the excitation to easily escape any local minima in
the uneven excitation energy landscape of the FMO complex.
Other authors29 have demonstrated that the coherent dynamics
of the excitation can also conspire with the rapid (incoherent)
rate of transfer from the site closest to the reaction centre to
the reaction centre itself. They showed that this collaboration
between quantum coherent evolution and incoherent tunnelling
creates a high-efficiency energy trap, drawing the excitation
into the reaction centre.

Recent progress. Much of the latest theoretical work on the FMO
complex has been on the nature of the protein environment.
As mentioned earlier, the simplest treatment is to consider each
molecule to be in contact with an uncorrelated Markovian thermal
bath. However, because of the strong coupling (100 cm�1) between
the electronic excitations and nuclear motion in the protein
environments around the FMO (refs 30,31) complex, the consensus

is that this treatment is insufficient. There are three approximations
that may break down in this limit: the perturbative-coupling
approximation (sometimes termed the Born approximation in
system–bath models), the memory-less (or Markovian) approxi-
mation and the independent-bath approximation. A great deal of
work has been done on understanding what happens when these
three approximations are relaxed13,19,31–38.

Evidence, both theoretical and experimental, does hint that the
non-perturbative and non-Markovian environment can enhance
both the coherence time19 and the efficiency of the excitation
transport39. Similarly, a recent analysis argued that coherent vi-
bronic excitations may play an important role in the coherent oscil-
lations seen in experiments40–42. However, the role of correlations
between the baths of different BChl molecules is still not fully un-
derstood. Recent work39 showed that the correlations can in princi-
ple improve the efficiency in some cases, but can also decrease it, and
that there is an optimal overall noise level. In comparison, molec-
ular dynamics simulations43,44 indicated that the uncorrelated-bath
approximations may hold, and thus independent-bath models may
be sufficient to explain any enhancement in efficiency. Ultimately,
the real role of correlated-bath effects and vibronic excitations in
photosynthetic units, FMO and otherwise, is still not clear, and
requires further experimental studies.

Despite the positive results and predictions we discussed in the
last section, recent analysis has shown that the efficiency benefits
provided by quantummodels in comparison to the classical Förster
model (which can be seen as a perturbative expansion of the
quantum one, with no quantum coherence) may be only a few

12 NATURE PHYSICS | VOL 9 | JANUARY 2013 | www.nature.com/naturephysics
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Figure: Fenna-Matthews-Olson monomer
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Structure-dynamics relations

Figure: Correlations about 3.3× with special chromophore�� ��Knee/Rowe/Smith/Troisi/AD, J. Phys. Chem. Lett., 8, 2328, (2017)
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Quantumness: Evidence & explanation

Quantum coherence in excited state dynamics of FMO

Figure: Ultrafast 4-wave mixing experiment
�� ��Engel et al. Nature 446, 782 (2007)

Various calculations of entanglement, nonclassicality�� ��Caruso, AD, Wilde, Sarovar, ...
�� ��Li/Lambert/Chen/Chen/Nori, Sci. Rep. 2 (2012)

Due to exciton-vibrational coupling
�� ��Thyrhaug et al. JPCL 7, 1653 (2016)

Is quantumness present in EET?
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What is quantumness?

Canonically, Bell inequality

Experimental test against local hidden variable theory

Space-like separations and swift measurements

Infeasible to implement on nm-scale complexes
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What is quantumness?

Canonically, Bell inequality

Experimental test against local hidden variable theory

Space-like separations and swift measurements

Infeasible to implement on nm-scale complexes

Correlations across time rather than space – Leggett Garg

Test against ’macro realism’
�� ��Leggett/Garg, PRL 54, 857 (1985)

Requires two-time correlations
�� ��Home’s talk
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No-signalling-in-time

Simpler and more effective test of
macrorealism�� ��Clemente/Kofler, PRL, 116, 150401 (2016)�� ��Knee et al. Nat. Comm. 7,13253 (2016)

Requires two-time correlations

Needs fs-scale time resolution

2 Ultrafast optical spectroscopy
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No-signalling-in-time

A simpler and more effective test of macrorealism

Mathematically,

WΠb
(ρ) = Tr[Πb · ρ]− Tr[Πb · (Γ ◦ ρ)], where I ≥ Πb ≥ 0

is the difference of probabilities on whether or not the Γ acts

Γ ◦ ρ =
∑

i |i〉〈i |ρ|i〉〈i | is dephasing in a chosen basis

2 Basis dependent measure!!

Mathematically,

WΠb
(ρ) ≤ max

I≥Πb≥0
Tr[Πb(ρ−Γ ◦ρ)] = Tr|ρ−Γ ◦ρ| ≡ CNSIT (ρ)

Dephasing covariant operations
�� ��Meznaric/Clark/AD, PRL 110, 070502 (2013)

Related to resource theory of coherence�� ��Baumgratz/Cramer/Plenio, PRL 113, 140401 (2014)
�� ��Marvian/Spekkens, PRA 94, 052324 (2016)�� ��Streltsov, Rana, Adesso, Winter, Eisert, Parashar, ...
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NSIT

0 ≤ CNSIT (ρ) ≤ 1− 1
d

We will only use the witness WΠb
(ρ)

NSIT without system-bath separation
4
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FIG. 1. a. The various manifolds of a molecular system. We wish to probe coherence in the singly excited manifold (SEM) by
triggering transitions from the ground state manifold (GSM) with the pump pulse (green), waiting for the natural dynamics to
operate, and then triggering a transition to the GSM and/or the doubly excited manifold (DEM) with the probe pulse (blue).
b. The linear absorption signal (right) is subtracted from the pump probe signal (left) c. Procedure for extracting the witness.
2d+ 1 experiments are required, far less than the d4 � d2 required for full process tomography.

the phonon bath modelled explicitly. We used the param-
eters in a TABLE to model Allophycocyanin with pulses
of typical duration and central frequencies. We consider
spectroscopy that su↵ers from a random phase between
pump and probe: Following Seidner et al, we therefore
simulate the pump probe signal S detected along the di-
rection of the probe pulse k2 by averaging over just two
‘phase locked’ experiments �

2

2 {�
1

,�
1

+⇡}. Such an ap-
proach requires the assumption of non-overlapping pulses
as well as the rotating wave approximation (which is ac-
curate for resonant light pulses), and cancels contribu-
tions to S emanating from coherence between the GSM
and SEM. Furthermore, a brute-force average is taken
over 1000 di↵erent molecular orientations (distributed
isotropically) to take account of the random orientation
of samples in the ensemble. The figure shows...

Conclusion— We presented a protocol, couched in
terms of spectroscopic operations, capable of certifying
the existence of quantum coherent superpositions in bio-
molecular systems. Due to the dimension-dependence of
the upper bound in (2), the protocol can also certify a
lower bound on the excited state dimension. It is impor-
tant to emphasise that the illumination in a spectroscopy
experiment is very di↵erent from the in vivo illumination;
so any evidence that the molecular system is capable
of supporting quantum coherence over some time scale
should not be mistaken for evidence that such quantum
coherence is present during the natural function of the
subject (i.e. during solar light harvesting).

Future work will explore the possibility of witnessing
coherence in a di↵erent basis, i.e. the ‘site’ basis.

TODO Excitonic vs vibronic coherence? Link between
coherence in singe exciton subspace and entanglement
(see Charlotta Bengtsson paper). Is there a notion of
device independence, here? Should we apply the ’con-
trol’ experiments idea, too? What if we test the classical
states themselves? What is the link to Ref [23]. Mention
loopholes in the form of alternative readings of ‘macro-
realism’, perhaps [24–26].
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Why do all this?

Is EET quantum? Ultrafast spectroscopy experiment proposal

Quantumness of processes not states�� ��Meznaric/Clark/AD, PRL 110, 070502 (2013)

Quantumness where system-bath isolation is impossible

Quantumness in macroscopic scenarios

Extracting quantumness directly from spectroscopy

Most light-matter interactions - trapped ions, superconducting
qubits are studied spectroscopically

Work in progess
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Light-matter interaction

H = H0 + V (r , t)

Matter: System & bath (quantum)

H0 =
∑
i

εi |i〉〈i |+
∑
m 6=n

Vmn|m〉〈n|︸ ︷︷ ︸
HS

+ ~
∑
j

Ωja
†
j aj︸ ︷︷ ︸

HB

+
∑
j

gj |j〉〈j |(b†j + bj)︸ ︷︷ ︸
HSB

4
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FIG. 1. a. The various manifolds of a molecular system. We wish to probe coherence in the singly excited manifold (SEM) by
triggering transitions from the ground state manifold (GSM) with the pump pulse (green), waiting for the natural dynamics to
operate, and then triggering a transition to the GSM and/or the doubly excited manifold (DEM) with the probe pulse (blue).
b. The linear absorption signal (right) is subtracted from the pump probe signal (left) c. Procedure for extracting the witness.
2d+ 1 experiments are required, far less than the d4 � d2 required for full process tomography.

the phonon bath modelled explicitly. We used the param-
eters in a TABLE to model Allophycocyanin with pulses
of typical duration and central frequencies. We consider
spectroscopy that su↵ers from a random phase between
pump and probe: Following Seidner et al, we therefore
simulate the pump probe signal S detected along the di-
rection of the probe pulse k2 by averaging over just two
‘phase locked’ experiments �

2

2 {�
1

,�
1

+⇡}. Such an ap-
proach requires the assumption of non-overlapping pulses
as well as the rotating wave approximation (which is ac-
curate for resonant light pulses), and cancels contribu-
tions to S emanating from coherence between the GSM
and SEM. Furthermore, a brute-force average is taken
over 1000 di↵erent molecular orientations (distributed
isotropically) to take account of the random orientation
of samples in the ensemble. The figure shows...

Conclusion— We presented a protocol, couched in
terms of spectroscopic operations, capable of certifying
the existence of quantum coherent superpositions in bio-
molecular systems. Due to the dimension-dependence of
the upper bound in (2), the protocol can also certify a
lower bound on the excited state dimension. It is impor-
tant to emphasise that the illumination in a spectroscopy
experiment is very di↵erent from the in vivo illumination;
so any evidence that the molecular system is capable
of supporting quantum coherence over some time scale
should not be mistaken for evidence that such quantum
coherence is present during the natural function of the
subject (i.e. during solar light harvesting).

Future work will explore the possibility of witnessing
coherence in a di↵erent basis, i.e. the ‘site’ basis.

TODO Excitonic vs vibronic coherence? Link between
coherence in singe exciton subspace and entanglement
(see Charlotta Bengtsson paper). Is there a notion of
device independence, here? Should we apply the ’con-
trol’ experiments idea, too? What if we test the classical
states themselves? What is the link to Ref [23]. Mention
loopholes in the form of alternative readings of ‘macro-
realism’, perhaps [24–26].
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Light: classical
V (r , t) = −µ · E (r , t)
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Spectroscopy

E (r , t) =
∑N

n=1 En(t − tn)︸ ︷︷ ︸
η e−t2/2σ2

n eiωnt√
2πσ2

n

e i(kn·r+φn)en

Choosing pulse parameters can give various spectroscopies
Transient absorption, circular dichroism, photon echo etc.
4-wave mixing can give full process tomography on SEM

and mixing angle θ ¼ 1
2 arctanð

J
ΔÞ. Then cα ¼ cos θaA þ sin θaB,

cβ ¼ − sin θaA þ cos θaB, ωα ¼ ωþ Δ sec 2θ, and ωβ ¼ ω−
Δ sec 2θ. For convenience, we define the single-exciton states
jαi ¼ cþα jgi, jβi ¼ cþβ jgi, where jgi is the ground state, and the
biexcitonic state jf i ¼ aþAa

þ
B jgi ¼ cþα cþβ jgi. The model Hamilto-

nian does not account for exciton–exciton binding or repulsion
terms, so the energy level of the biexciton is ωf ¼ ωα þ ωβ ¼
ωA þ ωB. Denoting ωij ≡ ωi − ωj, we have ωαg ¼ ωfβ and
ωβg ¼ ωfα.

We are interested in the perturbation of the excitonic system
due to three laser pulses:

V ðt0Þ ¼ −λ
∑

3

i¼1

μ̂ · eiEðt0 − tiÞfeiki ·r−iωiðt0−tiÞ þ c:c:g; [6]

where λ is the intensity of the electric field, assumed weak, μ̂ is
the dipole operator, and ei, ti, ki, ωi denote the polarization *,
time center, wavevector, and carrier frequency of the i-th pulse.
Eðt0Þ is the slowly varying pulse envelope, which we choose to
be Gaussian with fixed width σ for all pulses, Eðt0Þ ¼ e−t02∕2σ2 .
The polarization induced by the pulses on the molecule located
at position r is given by Pðr;t0Þ ¼ Trðμ̂ρðr;t0ÞÞ. This quantity can
be Fourier decomposed along different wavevectors as
Pðr;t0Þ ¼ ∑sPsðt0Þeiks ·r, where the ks are linear combinations of
wavevectors of the incoming fields. Radiation is produced due
to the polarization (proportional to iPðr;t0Þ). We can choose to
study a single component Ps by detecting only the radiation
moving in the direction ks. This is achieved by interfering the
radiation with a fourth pulse moving in the direction ks, called
the local oscillator (LO) (7). In particular, we shall be interested
in the time-integrated signal in the photon-echo (PE) direction,
k4 ¼ kPE ¼ −k1 þ k2 þ k3. This heterodyne-detected signal
½SPE&

ω1;ω2;ω3;ω4
e1;e2;e3;e4 , where the subscripts indicate the polarizations

of the four light pulses and the superscripts indicate their carrier
frequencies, is proportional to

Z
∞

−∞
dt0eiω4ðt0−t4ÞEðt0 − t4Þe4 · iPPEðt0Þ: [7]

Spatial integration over the volume of probed molecules selects
out the component PPEðt0Þ from the Pðr;t0Þ. The time integration
yields a signal that is proportional to the components of PPEðt0Þ ·
e4 oscillating at the frequencies of the LO, which is centered
about ω4

†. In this excitonic model, the only optically allowed
transitions are between states differing by one excitation, so
the only nonzero matrix elements of μ̂ are μij ¼ μji for ij ¼ αg,
βg, fα, fβ (section II of SI Appendix).

In the following section, we present the main results of our
study. We show that a carefully chosen set of two-color rephasing
PE experiments can be used to perform a QPTof the first exciton
manifold (Fig. 1). The preparation of initial states is achieved
using the first two pulses at t1 and t2. Initial states spanning the
single-exciton manifold are produced by using the four possible
combinations of two different carrier frequencies for the first two
pulses. In the terminology of PE experiments, these pulses define
the so-called coherence time interval τ ¼ t2 − t1. The time inter-
val between the second and third pulses, called the waiting time
T ¼ t3 − t2, defines the quantum channel (11), which we want to
characterize by QPT. Finally, we carry out QST of the output
density matrix at the instant t3. This task is indirectly performed

by using the third pulse to selectively generate new dipole-active
coherences, which are detected upon heterodyning with the
fourth pulse at t4, that is, after the echo time t ¼ t4 − t3 has
elapsed. Varying the third and fourth pulse frequencies yields
sufficient linear equations for QST. This procedure naturally
concludes the protocol of the desired QPT.

Results
For purposes of the QPT protocol, we assume that the structural
parameters ωαg , ωβg, μαg, μβg, μfα, and μfβ are all known. Informa-
tion about the transition frequencies can be obtained from a
linear absorption spectrum, whereas the dipoles can be extracted
from X-ray crystallography (19). As shown in recent work of
our group, with enough data from the PE experiments, it is also
possible to extract these parameters self-consistently (20, 21).
We proceed to describe the steps of the PE experiment on a
coupled dimer that yield a QPT.

Initial State Preparation. Before any electromagnetic perturbation,
the excitonic system is in the ground state ρð−∞Þ ¼ jgihgj. After
the first two pulses in the k1, k2 directions act on the system,
the effective density matrix ~ρω1 ;ω2

e1 ;e2 ð0Þ (at T ¼ 0) is created. This
density is second order in λ and, combined with the third and
fourth pulses, directly determines the signal. By applying second
order perturbation theory and the rotating-wave approximation
(RWA), we can define an effective initial state (Fig. 2 A–D
and section III of SI Appendix):

~ρω1;ω2
e1 ;e2 ð0Þ ¼ −

∑

pq∈fα;βg

Cp
ω1
Cq
ω2
ðμpg · e1Þðμqg · e2Þ

×GgpðτÞðjqihpj − δpqjgihgjÞ: [8]

This state evolves during the waiting time T to give

~ρω1;ω2
e1;e2 ðTÞ ¼ χðTÞ~ρω1;ω2

e1;e2 ð0Þ; [9]

which holds for T ≳ 3σ, that is, after the action of the first two
pulses has effectively ended. Eq. 9 is of the form of Eq. 1, and
therefore appealing for our QPT purposes. The purely imaginary
coefficients Cp

ωi for p ∈ fα;βg are proportional to the frequency
components at ωpg of the pulse that is centered at ωi:

Fig. 1. A set of photon echo experiments can be regarded as a QPT. Pulses
are centered about t1,t2,t3,t4. Time flows upward in the diagram. The four
pulses define the coherence (τ), waiting (T ) times, and echo ( t) times. This
experiment, in the language of quantum information processing, can be
regarded as consisting of three stages: initial state preparation, free evolu-
tion, and detection of the output state of the waiting time.

*We use the word polarization in two different ways: to denote (a) the orientation of
oscillations of the electric field and (b) the density of electric dipole moments in a
material. The meaning should be clear by the context.

†More precisely, the monitored signal is proportional to ∫ ∞
−∞dtei½ω4 ðt0−t4 Þþφ&Eðt0 − t4Þe4 ·

iPPEðt0Þ þ c:c:, where two experiments are conducted by varying the phase φ of the
LO with respect to the emitted polarization to extract the real and imaginary terms
of Eq. 7. For purposes of our discussion, it is enough to consider the complex valued
signal.

17616 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1110642108 Yuen-Zhou et al.

�� ��Aspuru-Guzik group
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Spectroscopy

4-wave mixing can give full process tomography on SEM

and mixing angle θ ¼ 1
2 arctanð

J
ΔÞ. Then cα ¼ cos θaA þ sin θaB,

cβ ¼ − sin θaA þ cos θaB, ωα ¼ ωþ Δ sec 2θ, and ωβ ¼ ω−
Δ sec 2θ. For convenience, we define the single-exciton states
jαi ¼ cþα jgi, jβi ¼ cþβ jgi, where jgi is the ground state, and the
biexcitonic state jf i ¼ aþAa

þ
B jgi ¼ cþα cþβ jgi. The model Hamilto-

nian does not account for exciton–exciton binding or repulsion
terms, so the energy level of the biexciton is ωf ¼ ωα þ ωβ ¼
ωA þ ωB. Denoting ωij ≡ ωi − ωj, we have ωαg ¼ ωfβ and
ωβg ¼ ωfα.

We are interested in the perturbation of the excitonic system
due to three laser pulses:

V ðt0Þ ¼ −λ
∑

3

i¼1

μ̂ · eiEðt0 − tiÞfeiki ·r−iωiðt0−tiÞ þ c:c:g; [6]

where λ is the intensity of the electric field, assumed weak, μ̂ is
the dipole operator, and ei, ti, ki, ωi denote the polarization *,
time center, wavevector, and carrier frequency of the i-th pulse.
Eðt0Þ is the slowly varying pulse envelope, which we choose to
be Gaussian with fixed width σ for all pulses, Eðt0Þ ¼ e−t02∕2σ2 .
The polarization induced by the pulses on the molecule located
at position r is given by Pðr;t0Þ ¼ Trðμ̂ρðr;t0ÞÞ. This quantity can
be Fourier decomposed along different wavevectors as
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k4 ¼ kPE ¼ −k1 þ k2 þ k3. This heterodyne-detected signal
½SPE&

ω1;ω2;ω3;ω4
e1;e2;e3;e4 , where the subscripts indicate the polarizations

of the four light pulses and the superscripts indicate their carrier
frequencies, is proportional to

Z
∞

−∞
dt0eiω4ðt0−t4ÞEðt0 − t4Þe4 · iPPEðt0Þ: [7]

Spatial integration over the volume of probed molecules selects
out the component PPEðt0Þ from the Pðr;t0Þ. The time integration
yields a signal that is proportional to the components of PPEðt0Þ ·
e4 oscillating at the frequencies of the LO, which is centered
about ω4

†. In this excitonic model, the only optically allowed
transitions are between states differing by one excitation, so
the only nonzero matrix elements of μ̂ are μij ¼ μji for ij ¼ αg,
βg, fα, fβ (section II of SI Appendix).

In the following section, we present the main results of our
study. We show that a carefully chosen set of two-color rephasing
PE experiments can be used to perform a QPTof the first exciton
manifold (Fig. 1). The preparation of initial states is achieved
using the first two pulses at t1 and t2. Initial states spanning the
single-exciton manifold are produced by using the four possible
combinations of two different carrier frequencies for the first two
pulses. In the terminology of PE experiments, these pulses define
the so-called coherence time interval τ ¼ t2 − t1. The time inter-
val between the second and third pulses, called the waiting time
T ¼ t3 − t2, defines the quantum channel (11), which we want to
characterize by QPT. Finally, we carry out QST of the output
density matrix at the instant t3. This task is indirectly performed

by using the third pulse to selectively generate new dipole-active
coherences, which are detected upon heterodyning with the
fourth pulse at t4, that is, after the echo time t ¼ t4 − t3 has
elapsed. Varying the third and fourth pulse frequencies yields
sufficient linear equations for QST. This procedure naturally
concludes the protocol of the desired QPT.

Results
For purposes of the QPT protocol, we assume that the structural
parameters ωαg , ωβg, μαg, μβg, μfα, and μfβ are all known. Informa-
tion about the transition frequencies can be obtained from a
linear absorption spectrum, whereas the dipoles can be extracted
from X-ray crystallography (19). As shown in recent work of
our group, with enough data from the PE experiments, it is also
possible to extract these parameters self-consistently (20, 21).
We proceed to describe the steps of the PE experiment on a
coupled dimer that yield a QPT.

Initial State Preparation. Before any electromagnetic perturbation,
the excitonic system is in the ground state ρð−∞Þ ¼ jgihgj. After
the first two pulses in the k1, k2 directions act on the system,
the effective density matrix ~ρω1 ;ω2

e1 ;e2 ð0Þ (at T ¼ 0) is created. This
density is second order in λ and, combined with the third and
fourth pulses, directly determines the signal. By applying second
order perturbation theory and the rotating-wave approximation
(RWA), we can define an effective initial state (Fig. 2 A–D
and section III of SI Appendix):

~ρω1;ω2
e1 ;e2 ð0Þ ¼ −

∑

pq∈fα;βg

Cp
ω1
Cq
ω2
ðμpg · e1Þðμqg · e2Þ

×GgpðτÞðjqihpj − δpqjgihgjÞ: [8]

This state evolves during the waiting time T to give

~ρω1;ω2
e1;e2 ðTÞ ¼ χðTÞ~ρω1;ω2

e1;e2 ð0Þ; [9]

which holds for T ≳ 3σ, that is, after the action of the first two
pulses has effectively ended. Eq. 9 is of the form of Eq. 1, and
therefore appealing for our QPT purposes. The purely imaginary
coefficients Cp

ωi for p ∈ fα;βg are proportional to the frequency
components at ωpg of the pulse that is centered at ωi:

Fig. 1. A set of photon echo experiments can be regarded as a QPT. Pulses
are centered about t1,t2,t3,t4. Time flows upward in the diagram. The four
pulses define the coherence (τ), waiting (T ) times, and echo ( t) times. This
experiment, in the language of quantum information processing, can be
regarded as consisting of three stages: initial state preparation, free evolu-
tion, and detection of the output state of the waiting time.

*We use the word polarization in two different ways: to denote (a) the orientation of
oscillations of the electric field and (b) the density of electric dipole moments in a
material. The meaning should be clear by the context.

†More precisely, the monitored signal is proportional to ∫ ∞
−∞dtei½ω4 ðt0−t4 Þþφ&Eðt0 − t4Þe4 ·

iPPEðt0Þ þ c:c:, where two experiments are conducted by varying the phase φ of the
LO with respect to the emitted polarization to extract the real and imaginary terms
of Eq. 7. For purposes of our discussion, it is enough to consider the complex valued
signal.

17616 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1110642108 Yuen-Zhou et al.

�� ��Aspuru-Guzik group

8 QPT implicitly assumes quantum mechanics
8 Requires at least d4 − d2 experiments

System dimension unclear
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Pump-probe spectroscopy

We use pump-probe: N = 2 and φ = φ1 = φ2,

ρij(T ) = χijklρkl(0), χ is a map
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FIG. 1. a. The various manifolds of a molecular system. We wish to probe coherence in the singly excited manifold (SEM) by
triggering transitions from the ground state manifold (GSM) with the pump pulse (green), waiting for the natural dynamics to
operate, and then triggering a transition to the GSM and/or the doubly excited manifold (DEM) with the probe pulse (blue).
b. The linear absorption signal (right) is subtracted from the pump probe signal (left) c. Procedure for extracting the witness.
2d+ 1 experiments are required, far less than the d4 � d2 required for full process tomography.

the phonon bath modelled explicitly. We used the param-
eters in a TABLE to model Allophycocyanin with pulses
of typical duration and central frequencies. We consider
spectroscopy that su↵ers from a random phase between
pump and probe: Following Seidner et al, we therefore
simulate the pump probe signal S detected along the di-
rection of the probe pulse k2 by averaging over just two
‘phase locked’ experiments �

2

2 {�
1

,�
1

+⇡}. Such an ap-
proach requires the assumption of non-overlapping pulses
as well as the rotating wave approximation (which is ac-
curate for resonant light pulses), and cancels contribu-
tions to S emanating from coherence between the GSM
and SEM. Furthermore, a brute-force average is taken
over 1000 di↵erent molecular orientations (distributed
isotropically) to take account of the random orientation
of samples in the ensemble. The figure shows...

Conclusion— We presented a protocol, couched in
terms of spectroscopic operations, capable of certifying
the existence of quantum coherent superpositions in bio-
molecular systems. Due to the dimension-dependence of
the upper bound in (2), the protocol can also certify a
lower bound on the excited state dimension. It is impor-
tant to emphasise that the illumination in a spectroscopy
experiment is very di↵erent from the in vivo illumination;
so any evidence that the molecular system is capable
of supporting quantum coherence over some time scale
should not be mistaken for evidence that such quantum
coherence is present during the natural function of the
subject (i.e. during solar light harvesting).

Future work will explore the possibility of witnessing
coherence in a di↵erent basis, i.e. the ‘site’ basis.

TODO Excitonic vs vibronic coherence? Link between
coherence in singe exciton subspace and entanglement
(see Charlotta Bengtsson paper). Is there a notion of
device independence, here? Should we apply the ’con-
trol’ experiments idea, too? What if we test the classical
states themselves? What is the link to Ref [23]. Mention
loopholes in the form of alternative readings of ‘macro-
realism’, perhaps [24–26].
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2d+ 1 experiments are required, far less than the d4 � d2 required for full process tomography.
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terms of spectroscopic operations, capable of certifying
the existence of quantum coherent superpositions in bio-
molecular systems. Due to the dimension-dependence of
the upper bound in (2), the protocol can also certify a
lower bound on the excited state dimension. It is impor-
tant to emphasise that the illumination in a spectroscopy
experiment is very di↵erent from the in vivo illumination;
so any evidence that the molecular system is capable
of supporting quantum coherence over some time scale
should not be mistaken for evidence that such quantum
coherence is present during the natural function of the
subject (i.e. during solar light harvesting).

Future work will explore the possibility of witnessing
coherence in a di↵erent basis, i.e. the ‘site’ basis.
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Pump-probe spectroscopy

Let us target |α〉 for both pump and probe
(ii) requires additional pulses
(iv) Population tomography and selective repreparation at t1.
Then, P(iv)(b) =

∑
j χααjj(T − t1)χjjαα(t1)
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Pump-probe spectroscopy

P(iii)(b)− P(iv)(b): System coherence only

P(i)(b)− P(iv)(b): System coherence + bath Markovianity

P(i)(b)− P(iii)(b): System coherence + system-bath
correlations
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Why do all this?

Is EET quantum? In progress ...

Extracting quantumness directly from spectroscopy

Most light-matter interactions - trapped ions, superconducting
qubits are studied spectroscopically

Quantumness where system-bath isolation is impossible

Quantumness in macroscopic scenarios

Quantumness of processes not states
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