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Quantum effects in photosynthetic energy transport in nature, especially for the typical Fenna-
Matthews-Olson (FMO) complexes, are extensively studied in quantum biology. Such energy
transport processes canbe investigated asopenquantumsystems that blend thequantumcoherence
and environmental noise, and have been experimentally simulated on a few quantum devices.
However, the existing experiments always lack a solid quantum simulation for the FMO energy
transport due to their constraints to map a variety of issues in actual FMO complexes that have rich
biological meanings. Here we successfully map the full coupling profile of the seven-site FMO
structure by comprehensive characterisation and precise control of the evanescent coupling of the
three-dimensional waveguide array. By applying a stochastic dynamical modulation on each
waveguide, we introduce the base site energy and the dephasing term in coloured noise to faithfully
simulate the power spectral density of the FMO complexes. We show our photonic model well
interprets thephenomena including reorganisationenergy, vibrational assistance, exciton transfer and
energy localisation. We further experimentally demonstrate the existence of an optimal transport
efficiency at certain dephasing strength, providing a window to closely investigate environment-
assisted quantum transport.

Since experimental evidences for quantum coherent energy transport have
been successively observed in many pigment-protein complexes1–4, the
photosynthetic light-harvesting process began to be investigated as open
quantum systems that blend the quantum coherence and environment
noise5–10. The theory on environment-assisted quantum transport
(ENAQT)11 was then raised to suggest the enhancement of energy transport
efficiencies by environment noise inmanynanoscale transport systems. The
ENAQT theory has been extensively studied and showed good interpret-
abilityonenergy transfer amongmanycoherent and incoherent theories12,13.
The ENAQT theory has now been applied to a rich range of research areas
including light-harvesting phenomena in nature, the solar cell engineering
and other novel biotic excitonic devices14.

One of the most well-studied natural creatures for its light-
harvesting process is the green-sulphur bacteria, since its structure is
simple but highly effective to allow for enough harvest of energy from the

very dark deep sea environment15. The bacteria collect light through their
large chlorosome antenna and transfer excitons to their reaction center.
The cable connecting these two part is the so-called Fenna-Matthews-
Olson (FMO) complex16, which is normally formed in a trimer of three
complexes with each one consisting of eight bacteriochlorophyll-a
(BChl-a) molecules10. Seven of the eight molecules are bound within a
protein scaffold, which forms the environment for the complexes and
provides the source of noise and decoherence. The eighth BChl outside
the protein scaffold assists the transport of the excitation into the seven-
site structure17, where the seven BChls are conventionally numbered
from No. 1 to 7 (Fig. 1a). The seven-site FMO complex is a prevalent
structure for the exciton transfer process. The excitation energy normally
transports from BChl 1 or BChl 6 all the way to BChl 3, and eventually
goes to the reaction center to accomplish the energy conversion reactions
for photosynthesis.
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Theoretical quantum physicists have investigated the FMO
structure6–10 and proven that there exists certain optimal environmental
noise levels to assist for an optimal energy transport efficiency. In recent
years, many experimental simulations for ENQAT, especially in the context
of a photosynthetic complex model, have emerged18–23. They are imple-
mented in different systems, including a programmable nanophotonic
processor with discrete-time evolution19, superconducting circuits20, the
nuclear magnetic resonance21, and the ion-trap qubits23, with a key goal on
introducing controllable environmental noise into the original quantum
system24. However, there lacks a solid mapping to the FMO photosynthetic
energy transport due to various constraints. Firstly, the quantum simulator
hardware did not load the fullHamiltonianmatrix for the authentic FMO in
nature, since simulating the coupling profile for the seven BChls demands
strong capabilities on setting the two-dimensional coupling space and
flexibly tuning the coupling strength. Secondly, the issue on noise for FMO
was not addressed. Some studies simply use white noise18–20, while some
analyze coloured noise21,23, which still does not match a spectral density for
real FMO. Thirdly, there are many up-to-date works on photosynthetic
energy transport25–27. Many important issues like the reorganisation energy
dynamics and the assistance by vibrational coherence28–32 are left for further
investigations.

In this work, we present a close investigation on simulating photo-
synthetic energy transport in our three-dimensional photonic lattice. We
map the full coupling profile of the seven-site FMO structure on a physical
quantum simulator. Besides, by implementing the Δβ photonic model33–36,
we introduce independently controllable noise for each waveguide, which
allows us to load the site energy and the coloured noise that yields a spectral
density consistent with that for the actual FMO complex. We demonstrate
the photonic model can simulate important biological issues including the
reorganisation energy and the vibrational assistance. Furthermore, by
mapping the Hamiltonian matrix and coloured noise for FMO on our
photonic lattice, we carry out a quantum simulation experiment and
demonstrate that an optimal energy transport efficiency exists at a certain

noise amplitude. Our work provides a window to closely investigate
environment-assisted quantum transport, and may inspire further
explorations on comprehensive mechanisms for light-harvesting
photosynthesis.

Results
Three-dimensional photonic array provides a highly versatile platform for
quantum simulation. The longitudinal direction corresponds to the evolu-
tion time and the cross-section of the array structure could be engineered to
implement a designed Hamiltonian matrix. Photons propagating through
an array ofN coupledwaveguides can be described by aN ×NHamiltonian
matrix:

H ¼
XN
i

βia
y
i ai þ

XN
j≠i

Ci;jðayi aj þ ayj aiÞ; ð1Þ

where the diagonal values ofH are βi, the propagating constant along the ith
waveguide, and the off-diagonal terms are Ci,j, the coupling coefficient
between waveguide i and j.

We use seven waveguides to represent the seven sites of the FMO
complex (See Fig. 1a, b). Since the coupling coefficients between two adja-
centwaveguides,Cchip, are characterised to followan exponential decaywith
the center-to-center waveguide spacing d37–39, we are able to quantitatively
control Cchip by carefully designing the waveguide configuration
(See Fig. 1c). Therefore, utilizing the two-dimensional evolution space, we
faithfully map the major coupling coefficients for the real seven-site FMO
complex ofC. tepidum40,41 on chip. The full information on theHamiltonian
matrix for the FMO molecule is given in Supplementary Note 1. An extra
array of 100 waveguides is connected to Waveguide 3 to serve as the sink,
resembling the light transport fromSite 3of theFMOcomplex to its reaction
center (Fig. 1b).

b a

i − j 1−2
|CFMO|(cm−1) 96.0 33.0 51.1 76.6 78.3 38.3 67.0
|Cchip|(cm−1) 13.44 4.62 7.15 10.72 10.96 5.36 9.38

d(μm) 5.2 10.1 8.1 6.2 6.0 9.4 6.9

c
2−3 3−4 4−5 5−6 6−7 7−4

Fig. 1 | Experimental layout. Schematic diagram of (a) the FMO complex (Protein
Data Bank accession 3ENI, image of 3BSD58 created with VMD59) and (b) the three-
dimensional photonic waveguide array simulating the FMO complex. The numbers
of the 7 sites in the FMO complex and their corresponding waveguide are marked.
The arrows show that the energy comes into the FMO complex or the waveguide
array from Site 6 and moves through Site 3 to the sinks. c The absolute values of the
coupling coefficient in the FMO complex of C. tepidum, CFMO (unit: cm−1),
according to40,41. In order to map CFMO onto the photonic lattice of a suitable

propagation length, Cchip (unit: cm
−1), all the coupling coefficients on chip, are

proportionally reduced to 14% of CFMO, which only affects the overall evolution
time, but not the coupling profile among the seven sites. d (unit: μm) is the center-to-
center waveguide spacing between two waveguides. Such d values are set to generate
the expectedCchip values above, asCchip exponentially decays with d, which has been
fitted by: C = 47.19 × e−0.2243d. The coupling coefficients between other sites are much
weaker (below 15 cm−1), causing very marginal influences on the evolution pattern,
and hence are not shown in the table.
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Δβ photonic approach
Our photonic array is essentially a quantum evolution system for pure
quantumwalks, if all propagation constants βis inEq. (1) remain constant in
time.Herewemanage tomodulate the diagonal termof theHamiltonian by
introducing Δβ, the detunings of the propagation constant β, in order to
create a fluctuation of the site energy33–36 (Fig. 2a). A large number of
stochastic Δβ detunings constitute the quantum stochastic walk36 and
faithfully implement the dephasing process in the open quantum
systems11,34. The introduction of Δβ can be experimentally achieved by
tuning the laser writing speed during thewaveguide fabrication process (see
details in Supplementary Note 2). The existence of Δβ also causes some
fluctuations of the effective coupling coefficient denoted asΔC, but the value
is minor and it is shown to have very marginal influence on the transport
efficiency. We hence mainly consider the model with only diagonal Δβ
terms (see discussions on ΔC in Supplementary Note 3).

Using this photonic model, consider the case where each waveguide is
broken up into many segments. We then have an effective piecewise
dependent Hamiltonian:

Heff ðtnÞ ¼
XN
i

ðβi0 þ ΔβiðtnÞÞayi ai þ
XN
j≠i

Ci;jðayi aj þ ayj aiÞ; ð2Þ

where βi0 is the base propagation constant for waveguide i, andΔβi(tn) is the
extra detunings at segment tn. Then we have the wavefunction:
ΨðtnÞ ¼ e�iHeff ðtnÞΔtΨðtn�1Þ, where Δt is the time interval for segment tn.

Such an effectiveHamiltonianHeff can be straightforwardlymapped to
the real modulation in segments of the photonic lattice. As shown in Fig. 2a,
we set the waveguide into segments of equal length withΔt to be 1mm, and
we introduce various random Δβ values ranging between 0 and a given
amplitude denoted byΔβA.At the end of thewaveguide,measuring the light
intensity distribution gives ∣Ψ∣2.

In this experiment-friendly photonic model, we are able to introduce
the noise consistent with the actual FMO complex. Instead of plain white
noise, the biological energy transport involves coloured noise that exhibits a
non-Markovian nature31. Fig. 2b shows an example on the Δβ values at
Waveguide 7 that yield coloured noise for BChl 7 (see details on generating

white and coloured noise in SupplementaryNote 4 and 5). Besides, the base
site energy for the seven BChls in FMO varies. In order to reflect that, we
additionally consider different base values of βi for the seven waveguides
representing the seven sites, as shown in Fig. 2c.

Power spectral density
According toWiener–Khinchin theorem, the power spectral density Ji(ω) is
theFourier transformof the original correlation functionof the signal. In the
context of the Δβ photonic model, it is

JiðωÞ ¼
Z þ1

�1
dτe�iωτhΔβiðτÞΔβið0Þi: ð3Þ

In Fig. 3a, the red bars show the pattern of the intermolecular spectral
density for BChl 7 of the actual FMO complex29,30. The spectral density is
obtained via normal mode analysis of the whole pigment-protein complex
with the charge density coupling method for the local optical transition
energies of the pigments by Klinger et al.30. It shows that the noise power for
actual FMO complexes is concentrated in the low-frequency components,
with some fluctuations in the mid-frequency region, and converges to 0 in
the high-frequency region. Note that a hypothesis on site-independent
spectral density is adopted for simplicity25, and the distributions of power
spectral density at the other six sites are in similar patterns30.

The blue shading area in Fig. 3a represents the power spectral density
for Waveguide 7 we generate using the coloured noise via Δβ detunings. It
matches the normalized pattern for actual FMO complex in terms of the
shape on concentrating in low-frequency components. On the other hand,
in the inset of Fig. 3a we show a distinct pattern generated from the white
noise. The white noise is actually Markovian while the coloured noise
exhibits strong non-Markovianity that does exist in the FMO complex31,42.
See details on noise characteristics in Supplementary Note 6.

Reorganisation energy
The photoexcitation is always accompanied by another energy transfer
process. After the FMO complex is photoexcited to a localized excited state,
the nuclei inside will undergo a relaxation process to achieve a new equili-
briumposition.The energy releasedduring relaxation is characterisedby the

Δβ
(m

m
-1

 )

0

0.5

1.0

Propagation Distance z (mm)
5 10 15 20

c

a b

Fig. 2 | The Δβ photonic model. a Schematic diagram of the randomly varying
propagation constants shown in different grayscales along the propagation direction
of the seven-site structure. This set of random values is one example of the cases with

aΔβA of 0.4mm−1. bThe arrangement for the coloured noise by theΔβ detuning for
one site. cThe site energies (SE) for the seven sites of FMO and the baseΔβ detuning
used for the seven waveguides to match the site energies.
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reorganisation energy ER25,27, which generally indicates the strength of
system-bath coupling27. ER for each single site i can be calculated by:

ER
i ¼ 1

π

Z 1

0
dω

JiðωÞ
ω

: ð4Þ

In the FMO complex, the reorganisation energy follows a quantitative
relationship with the variance of noise σ228. For site i, there is

σ2i ¼ 2kBTE
R
i ; ð5Þ

where kB is the Boltzmann constant. In our Δβ photonic model,
σ2ðΔβiÞ ¼ Δβi

2 � Δβi
2
. Varying the detuning amplitude ΔβA from 0 to 1

mm−1, we get the corresponding σ2(Δβi), andmeanwhile,wework outER
i by

integrating the spectral density according to Eqs. (3) and (4). As shown in
Fig. 3b, the experimental data exhibits excellent linearity in accordance with
Eq. (5).

Vibrational assistance
In state-of-the-art literature, the strong coupling to the the vibrational
modes is believed to play an important role in energy transport25. The
electronic coherence, vibronic coherence and vibrational coherence are
found to live with different coherence time, which are 50–100fs, <500fs and
>1000fs, respectively43,44. Our 20-mm-long photonic chip corresponds to an
evolution time in themagnitude of 10ps, which goes beyond the above time
scale. Still, it is interesting to investigate a vibrational assistance at the very
early stage of evolution. We set an additional vibrational mode by an extra
waveguide, with a vibrational coherence strength equal to the gap between
the two lowest eigenstates of the 7-siteHamiltonian. As shown inFig. 3c, the
transport efficiency is clearly enhanced when coupling to the vibrational
mode thanwithout sucha coupling.Note that this example uses aΔβAof 0.5
mm−1. For other noise amplitudes, the enhanced efficiency via vibrational
assistance always exists. See more numerical details in the Supplementary
Note 7.

Apart from the above issues, the issues of exciton transfer11 and energy
localisation45 are also critical when discussing transport efficiencies. We
illustrate the exciton transfer process inside FMObynumerically simulating
the coherent light evolution in FMO-mimic waveguide array. By analyzing
the most probable excited site when varying the propagation length, we see
both large detunings of the site energy that induce strong disorders, and
large-scale Δβ noise that induce the Zeno effect, would enhance exciton
localisation (see details in Supplementary Note 8). Furthermore, we show
the disorder-induced enhancement of energy localisation by simulating the
energy transport efficiency and the distribution of eigen-energy levels (see
details in Supplementary Note 9).

Quantum simulation experiment
In experiments, we have prepared four groups of samples in the coloured
noise environment, having a range ofΔβA values 0, 0.1, 0.2, ..., 1.0mm−1. All
samples have the noise settings that make a power spectral density con-
sistent with the actual FMO complex. We inject the 810 nm vertically
polarised coherent light into Waveguide 6 and measure the evolution pat-
terns using a charge coupled device. We are kind of simulating the energy
packet random walk using a coherent light because when there is only one
walker, the quantumcoherence effects arewell simulated by a coherent light
field46.We process the figures to read out the light intensity in the seven-site
part IFMO and the sink part Isink. Then Isink/(IFMO+ Isink) is worked out as
the energy transport efficiencyη. In Fig. 4a–d, the evolutionpatterns and the
corresponding energy transport efficiencies for four samples in the same
group of differentΔβA values are presented. The experimental results for all
samples are provided in Supplementary Note 10.

We characterise the energy transport efficiencies for all samples
(Fig. 4e) and show an optimal transport efficiency for all groups up to 96%
when ΔβA increases up to 0.5–0.6 mm−1, followed up by an efficiency
droop when ΔβA further increases. Our experimental results based on the
Δβphotonicmodel show that the environmental noise can assist quantum
transport, just as the name ENAQT11 suggests. We show an optimal ΔβA
that corresponds to an efficiency peak. This is consistent with our rich
numerical analysis on the ENAQT effect (see Supplementary Note 11),
where the optimal transport behaviour always occurs at an intermediate
dephasing scale.

Discussion
In summary, we have fully explored the capabilities of the Δβ photonic
model on quantum simulation of photosynthetic energy transport, with a
case on the FMO complexes. By taking full advantages of the flexible
arrangement of the array configuration in our three-dimensional photonic
lattice, we manage a faithful layout of the coupling profile for the seven-site
FMOcomplex.Meanwhile, the experimentally feasibleΔβ tuning enables us
to set the base site energy for different BChls in FMO, and build the non-
Markovian coloured noise that simulates the power spectral density of the
actual FMO complex. Through these efforts, we experimentally demon-
strate an optimal ENAQT transport in the photonic lattice. We also show
that theΔβ photonicmodel not only simulates ENAQT theories extensively
studied during 2010s, but also can address many up-to-date interesting
topics related to FMO energy transport such as the vibrational assistance.

Our quantum simulation experiment can be broadly adapted to
simulating the photosynthesis processes in many other chlorophyll com-
plexes, such as PE545, PE555, PC645, etc.47–49, given their protein structures,
Hamiltonian matrices and noise spectrum. Our quantum simulation
experiments can give insights on the scale of noise modulation for energy
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Fig. 3 | Photosynthetic energy transport using the Δβ photonic model. a The
spectral density formed by the coloured noise introduced onWaveguide 3 is shown
in the blue shadow. The red bars show the power spectral density for BChl 3 in a
pigments of the monomeric subunits of the FMO protein via normal mode analysis
from Ref. 30. Inset shows a spectral density generated from the white noise.
bReorganisation energy versus noise variance at Site 7. The sampling frequency and

period are fs = 1 mm−1 and tc = 20 mm, respectively. The variance σ2ðΔβ7Þ ¼
hðΔβ7Þ2i � hΔβ7i2 dependents onΔβ7 amplitudeΔβA,7. The parameters of the linear
fitting are given in the bottom right of thefigure. cThe transport efficiency at an early
transport length with (red) and without (blue) vibrational assistance. ΔβA for all
waveguides are set to be 0.5 mm−1.
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transport in those chlorophyll complexes. This study may inspire applica-
tions for bioscience50.

Our results demonstrate a powerful analog quantum simulator that
can possibly be further applied to a rich diversity of researches on open
quantum systems. We have noticed a recent work using digital quantum
circuits to simulate the open quantum system dynamics51. They simulate
four sites forFMOcomplexand require a longcircuit depth,whichwillwork
on fault-tolerant devices in the future. The quantum simulation is indeed of
a broad interest52, and strongly depends on the quantum hardware cap-
abilities. Our integratedphotonic chips have been used for various quantum
simulation tasks53–55 in the noisy intermediate-scale quantum era, andmany
can be further turned into practical modules for quantum information
processingmodules, such asHaar randommatrix generation36, and on-chip
quantum state preserving55, etc. This work of simulating FMO complexes
essentially constructs the non-Markovian environments in photonic chips.
Non-Markovian processes have been widely studied but still have many
emerging applications, e.g., entanglement reactivation56, quantum storage57.
In order to carry out innovative exploration of non-Markovianity and its
applications, strict experimental conditions are always required, and our
experimental endeavor provides a way out for implementing non-
Markovianity. The approach with flexible Hamiltonian mapping and
controllable introduction of noise on integrated photonics is useful and
worthy of further exploration on quantum simulation and quantum
information processing applications.

Methods
Sample preparation
All the waveguides are fabricated using the femtosecond laser direct
writing technique. We direct a 513-nm femtosecond laser (upconverted
from a pump laser of 10 W, 1026 nm, 290 fs pulse duration, 1 MHz
repetition rate) into a spatial light modulator (SLM) to shape the laser
pulse in the temporal and spatial domain. We then focus the pulse onto a
pure borosilicate substrate with a 50X objective lens (numerical aperture:
0.55). Power and SLM compensation were processed to ensure waveguide
uniformity37.

Wehave also characterised the quantitative control forΔβdetunings in
the photonic lattice.Wewrite one waveguide using a base speedV0, and the
other one using a different speed V (V−V0 =ΔV). In such a detuned
directional coupler, the coupling mode method gives the effective coupling
coefficient, Ceff, instead of C0, the coupling coefficient for a normal direc-
tional coupler with ΔV = 0. Ceff contains the detuning effect from Δβ
through:

Ceff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔβ=2Þ2 þ C2

0

q
: ð6Þ

Therefore, characterizing Ceff and C0 gives Δβ. See details for the char-
acterisation in Supplementary Note 2.

Data availability
Data used for graphing in this paper are available from the corresponding
author upon reasonable request.
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