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Anna O. Schouten® and David A. Mazziotti
Department of Chemistry and The James Franck Institute, The University of Chicago,
Chicago, Illinois 60637, USA

(Received 2 August 2024; revised 22 November 2024; accepted 21 January 2025; published 13 February 2025)

Bose-Einstein condensation of excitons, with its potential for frictionless energy transport, has recently
been observed in materials at low temperatures. Here, we show that partial exciton condensation plays
a significant role in the 18-chromophore B850 ring of the light-harvesting complex 2 (LH2) in purple
bacteria. Even in the single-excitation regime, we observe that excitonic entanglement across multiple
sites exhibits signatures of exciton condensation in the particle-hole reduced density matrix—a partial
exciton condensate. Crucially, we find that, by distributing the exciton across multiple sites of the ring,
the exciton-condensate-like state sets favorable conditions for enhanced energy transfer, both before and
after decoherence. Surprisingly, this discovery reveals that excitonic condensation, previously thought to
require extreme conditions, can occur in a partial form in biological systems under ambient conditions,
providing new insight into energy transport. These results additionally bring new insight into the long-
standing debate on quantum versus classical mechanisms in photosynthetic light harvesting by showing
that quantum coherence, in the form of a partial exciton condensate, indirectly initializes subsequent clas-
sical transfer. Our findings not only deepen our understanding of quantum coherence in light harvesting
but also suggest design principles for materials capable of leveraging excitonic entanglement for efficient

energy transport.
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L. INTRODUCTION

Photosynthesis has inspired scientists for decades due
to the extreme efficiency with which nature transfers
energy in the form of excitons. On the other hand, exci-
ton condensation—or the quantum condensation of exci-
tons—promises the potential for dissipationless exciton
transport, resulting in a frictionless energy flow [1]. How-
ever, the occurrence of condensation generally depends on
highly ordered structures and extreme conditions such as
low temperatures, high pressures, or strong magnetic fields
[1-4]. The idea that nature may utilize quantum effects
and phenomena for energy-transfer processes is well estab-
lished [5-26] but clear connections between a macroscopic
quantum phenomenon such as exciton condensation and
exciton transfer in a noisy microscopic system such as a
light-harvesting complex are less known. Recently, a con-
nection between these two ideas has been found by demon-
strating computationally an exciton-condensate-like state
in a model of the Fenna-Matthews-Olson (FMO) complex
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[24], the light-harvesting complex of green sulfur bacteria.
The connection between photosynthetic light harvesting
and localized exciton condensation is significant because
it represents the potential for synthetically realizing a local
microscopic type of condensation that may retain some of
the beneficial properties of macroscopic condensation even
in noisy conditions at room temperature.

In this study, we explore the phenomenon of partial
exciton condensation in the B850 ring of light-harvesting
complex 2 (LH2) of purple bacteria, focusing on its statis-
tical correlation with energy transfer to an energy reser-
voir. Partial exciton condensation refers to a quantum
phase in which one or more excitons become entangled
across multiple chromophores, forming a coherent state
that exhibits occupation of multiple excitons in a quantum
state. Importantly, because of quantum entanglement, we
show that partial exciton condensation is possible even in
the single-excitation regime. Our results demonstrate that
the formation of this partial condensate in LH2 signifi-
cantly correlates with enhanced exciton-transfer efficiency.
By distributing the exciton across multiple sites within
the chromophore ring, the condensate sets favorable ini-
tial conditions for efficient energy transport, ultimately
improving the transfer to an energy reservoir.

Crucially, we find that the formation of partial exciton
condensates initializes the state of the B850 ring for the
subsequent primarily classical energy transfer. While the
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condensate eventually decoheres, it plays a pivotal role in
optimizing the energy distribution of the system, preparing
the system for transfer of excitons through classical mech-
anisms such as hopping. This dual-stage process, where
quantum coherence in the form of a partial exciton conden-
sate initializes the system for classical transfer, provides
new insight into the long-standing debate regarding the
interplay between quantum and classical mechanisms in
photosynthetic light harvesting [10,27,28]. Our findings
suggest that quantum coherence, even if transient, has
a profound impact on a second phase of more-classical
energy transport.

Partial exciton condensation has recently been observed
by the authors in the Fenna-Matthews-Olson (FMO) com-
plex [24]. In that work, we have focused on a three-
chromophore subset, representing each chromophore with
a correlated multielectron model. This approach has
allowed us to examine partial condensation arising not
only from the entanglement between chromophores but
also from the correlation of the electrons within the =&
system of each chromophore. In the present study, we
examine the larger 18-chromophore ring of LH2, enabling
us to explore the possibility of partial exciton condensa-
tion in a light-harvesting complex much closer in structure
to those found in plants. Unlike the energy gradient-driven
FMO complex, LH2 consists of nearly degenerate chro-
mophores [17]. Our results suggest a universality of partial
exciton condensation across light-harvesting complexes,
occurring in both FMO and LH2, and provide critical
new insight into the synergistic role of quantum coherence
and classical-transfer mechanisms in optimizing energy
transport.

II. THEORY

The system is modeled after the B850 ring of light-
harvesting complex 2 (LH2) of purple bacteria. LH2 is part
of the light-harvesting network of purple bacteria and con-
sists of B800 and B850 rings, named for the wavelength
at which each absorbs [32]. Light is absorbed by the B§00
ring, transferred to the B850 ring, then passed through the
B850 ring to light-harvesting complex 1 (LH1), and finally
transmitted to the reaction center. As shown in Fig. 1, the
B800 ring consists of 89 weakly coupled chromophores,
while the B850 has a smaller radius but twice as many
chromophores arranged in face-to-face dimers, each with
an « and S chromophore. Consequently, the B850 ring has
much stronger coupling between chromophores. For this
reason, the B850 ring is of primary interest, as it constitutes
a system of approximately degenerate, strongly coupled
sites known to be capable of highly efficient energy trans-
fer. The Hamiltonian is constructed as an 18-site ring
following Ref. [17] as described in the Appendix. Results
are sampled for 50 manifestations of the Hamiltonian to

o
(a) (b)

FIG. 1. (a) A top-down view of the structure of LH2 [29-31],
showing the B80O0 (outer) and B850 (inner) rings along with the
surrounding proteins. (b) A schematic view of the model of the
B850 ring, with arrows demonstrating the motion of the excitons.

sample the effects of static disorder. The dynamics are sim-
ulated with MAPLE [33] using the Lindblad equation; the
exciton population from an initial excitation is eventually
transferred to a sink representing extraction of the exciton
population from B850 to the next phase of light harvest-
ing, i.e., transfer to LH1 or other LH2 complexes. The
population of the sink is used throughout as a proxy for
the ability of the system to achieve sufficient delocaliza-
tion to move population from one side of the ring to the
other. Delocalization is important for initializing the sys-
tem for further transfer after decoherence of the quantum
state. Transfer is simulated for 1000 fs to allow for transi-
tion from quantum to classical exciton transfer. Additional
methodological details are given in the Appendix.

A. Signature of condensation

Entanglement of excitons leading to exciton conden-
sation or an exciton-condensate-like state is manifest as
off-diagonal long-range order in the particle-hole reduced
density matrix (RDM)

Gy = (Wa)a,ala,|v). (1)

The eigenvalues of fermion density matrices, except for
those corresponding to a ground-state-to-ground-state tran-
sition, are bound by one in a noninteracting system. How-
ever, the entanglement of excitons leads to off-diagonal
long-range order, the computational signature of which is
a large eigenvalue (greater than one) in the particle-hole
RDM corresponding to more than one exciton occupying
a single particle-hole wave function [34,35]. The mag-
nitude of the large eigenvalue indicates the occupation
of the particle-hole wave function, i.e., multiple excitons
occupying a single state, which is analogous to the large-
eigenvalue signature of Bose-Einstein condensation (BEC)
in the one-boson RDM described by Penrose and Onsager
[36]. In the particle-hole RDM of an exciton-condensate
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state, there are generally two large eigenvalues, only one
of which corresponds to the exciton condensate. The other
large eigenvalue, occurring for nearly every state, corre-
sponds to a ground-state-to-ground-state transition with no
relation to exciton condensation. This extraneous eigen-
value can be removed by creating a modified particle-hole
RDM:

ZGZI = ZGZI - 1D; 'Dj, 2)

with ' D representing the one-particle RDM.
The density matrix of the LH2 model can be written in
the exciton basis as

D = (V|6]6,|W), 3)

where &, (6,) creates (destroys) an exciton at site s. In this
basis, each site consists of a single level that is either occu-
pied or unoccupied by an exciton. The density matrix is
an (M + 1) x (M + 1) matrix, where M is the number of
sites in the ring and the “+-1” represents the sink. Each site
in the matrix represents one site, where the diagonal ele-
ments take values between 0 and 1 and the trace sums to
1, with the magnitude of the diagonal element indicating
the occupation of that site. Off-diagonal elements repre-
sent coherences between pairs of sites. For this case, the
model is in the single-excitation manifold, meaning that
there is only one exciton in the density matrix. This is
a reasonable approximation of photosynthesis due to the
infrequency of excitation events. Following Ref. [24], the
single-particle excitation block of the modified particle-
hole RDM is obtained by transforming the exciton density
matrix to the electron (fermion) basis, consisting of two-
level sites where for each site the electron is in either the
upper or the lower level. The transformation is performed
using the following relations:

At A A
as,+1as,—1 = O'sk’ (4)
At A A

as,—las,-i-l = 0Oy (5)

where &: 41(@s—1) creates (destroys) an electron in the
upper (lower) level of site s. The density matrix becomes

G = (Wla! a,_al_a, W) (6)

Importantly, there is only one other relevant sub-block of
the particle-hole RDM for single-particle excitations:

* At A At A
G, = (\IJ|aSFlaS’+lajHa,71|\If). (7)

The diagonal elements of G and G* are related by G;fi =
11— Gi,i and the off-diagonal couplings of the two matrices

are equivalent. The sub-blocks of 2 G are flattened from ten-
sors to matrices. In the case of single-particle excitations,
the long-range order associated with exciton condensa-
tion is entirely obtained from G*, so an eigenvalue greater
than one in this sub-block, denoted A in this work, is the
signature of an exciton-condensate-like state.

The significance of the Ay signature is the corre-
spondence with off-diagonal long-range order associated
with potential for condensation and superfluidity, in anal-
ogy to large-eigenvalue signatures of off-diagonal long-
range order for BEC [36] and Cooper-pair condensation
[37,38]. Thus, while all excitonic entanglement leading to
off-diagonal long-range order is coherence, not all exci-
tonic coherence is off-diagonal long-range order. Differ-
entiating between specific types of excitonic coherence
can be important for elucidating features and inform-
ing experimental investigation of coherence. Within the
single-excitation regime modeled for the light-harvesting
complex, is it specifically the entanglement of excitons
across a network of chromophores, each with an electron
in a two-level system capable of forming an exciton, that
leads to off-diagonal long-range order. In this instance, the
signature does not signify macroscopic exciton conden-
sation but does signify a limited microscopic type of the
same off-diagonal long-range order that could have par-
allel properties with entanglement that results in exciton
condensation in macroscopic materials.

B. W state

The nature of light-harvesting complexes inspires con-
nections to quantum information and computing through
the qubit-like two-state structure of chromophores and
exciton-transfer processes that parallel transfer of informa-
tion [25,39—41]. Comparisons to states and entanglement
measures used in quantum information and computing
are therefore natural for characterizing this system. In
quantum information, the W state [42], which is written as

1
== (11000} 41010+ -0} + 1000 1)),

y) =
L2 i
(8)

represents maximal entanglement of a single excitation
over any number of qubits N > 3. Because this state rep-
resents the maximal entanglement of single excitations, it
represents the maximum entanglement that is observable in
our model. The W state also has the property that removal
of a single qubit from the state does not result in the break-
down of the entanglement between the other qubits in the
state. For exciton transfer, this is important because the
sites involved in transfer and the degree of entanglement
of those sites changes over time. The large eigenvalue of
the modified particle-hole RDM, Ag, for the W state of N
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qubits, takes the value [24]

2
G =2— —.

- ©)

Importantly, this places an upper bound on A for any pos-
sible number of chromophores N in the light-harvesting
model. Moreover, the wave function of the W state repre-
sents the delocalization character expected for a maximally
entangled set of chromophores, so we can quantify the
entanglement extent of other states by comparing them to
the W state. In this sense, Ag is conceptually related to
the multipartite entanglement used to describe the exciton
delocalization length in Ref. [25].

III. RESULTS

A. Evolution of A and exciton population

Several possibilities exist for the initial excitation state
of the system. We choose two different excitations: an
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FIG. 2.

incoherent excitation (spatially localized with a single site
excited) and a coherent excitation (energetically localized
excitation determined by diagonalization of the Hamilto-
nian). Note that for both excitations, there are N possible
excitation states, where N is the number of sites. For the
spatial excitation, we arbitrarily select one site for exci-
tation and designate this site 1; this type of incoherent
excitation is most consistent with natural photoexcitation
from sunlight or incoherent hopping from the B800 ring.
In the energetic excitation, the initial excitation is selected
based on the greatest contribution to the As mode from
the spatially excited results (for details, see the Appendix)
to maximize the character of that mode. This type of
energetic localization is sometimes referred to as the “exci-
ton” representation and is associated with the excitation
expected from coherent optical excitation of the system
[39]. The upper limit of an entangled delocalized state in
this case would be a W state, consisting of a maximally
entangled state of all N sites that has the highest possible
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(a),(b) The population dynamics of the simulations with (a) spatially localized and (b) energetically localized excitations.

Each color corresponds to a different chromophore site, with the burgundy line representing site 1 and the bright yellow line the
population transferred to the sink. (c),(d) The Ag dynamics of the simulation with (c) spatially localized and (d) energetically localized

excitations.
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TABLE I. The maximum values of A and final occupation of
the sink after 1000 fs for the spatially localized and energetically
localized excitation models.

Initial excitation models

Spatial Energetic
AG 1.58 £0.028 1.69 +0.131
Sink 0.3984 £ 0.03996 0.3950 £ 0.03434

value of Ag in the initial state. In our system, a W state
is a density matrix with all sites sharing equal population
of 1/N, coupled equally together with coupling values of
1/N.

The results of the population and A dynamics for a rep-
resentative Hamiltonian with both excitation models are
shown in Fig. 2. At long timescales (by approximately
500 fs), both excitation models reach equilibrium with
approximately equal populations in all 18 sites, although
due to static disorder in the site energies, the site popula-
tions are not precisely equal (for details, see the Appendix)
[43]. By this point, exciton transfer has moved into the
classical regime of incoherent transfer [44,45]. Because
we are interested in the impact of the coherent state on
the system, the simulations are run for 1000 fs and the
remaining classical-transfer regime is ignored. The final
populations of the sink (see Table I) after 1000 fs for
each excitation condition are similar, demonstrating that
the transfer efficiency is invariant to the excitation regime
for this model. Additionally, with the spatial-excitation
model, after the initial time step the population oscillates
between sites prior to reaching equilibrium. In contrast,
with the energetic excitation, the population decays or
increases smoothly to bring the site populations to equilib-
rium. This is not unexpected, as the energetic excitation is
an eigenstate of the Hamiltonian associated with coherent
excitation, while the spatial excitation is associated with
incoherent excitation with respect to the Hamiltonian. In
each case, the value of Ay reaches a peak larger than 1
and then decays to below 1 between 300 and 400 fs, prior
to exciton transfer moving into the classical regime. With
energetic excitation, the maximum value of Ag is at the
initial time step, implying that the eigenstates of the Hamil-
tonian are significantly entangled states, particularly since
the value of Ag approaches so close to the upper bound
set by the W state. Indeed, analysis of the density matrices
constructed from the eigenstates of the Hamiltonian indi-
cates that all eigenstates exhibit large A, just with varying
magnitude (see the Appendix).

B. Correlation between A and exciton transfer

To probe the relationship between A and exciton trans-
fer, we adjust the intersite coupling of the Hamiltonian to
observe the influence on each quantity and report aver-
ages and standard deviations for 50 manifestations of the
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FIG. 3. A plot of the average maximum Ag versus the sink

population after 1000 fs for the spatial excitation, with Hamil-
tonian coupling scaled from 0.25 to 3.0. The dashed line isa 1/x
fit: y = 1.355 — 1.537/x. The bars represent standard deviations
in Ag and the sink population.

Hamiltonian. For the spatial excitation, in Fig. 3 we show a
plot of the maximum A versus the sink population where
intersite coupling of the Hamiltonian is scaled by values of
0.25-3.0. Reducing coupling reduces both the maximum
Ag and the total population transferred to the sink, although
there is a threshold for increasing the coupling after which
neither Ag nor the sink population increases significantly.
The plot shows a strong relationship between the two quan-
tities, which are fitted to a 1/x fit with R> = 0.9914. In
addition to the trend with respect to the maximum Ag
and the sink population, there is an interesting trend with
respect to the standard deviations of the maximum Ag.
As the degree of coupling in the Hamiltonian increases,
the standard deviations decrease, as seen in Fig. 3. This
behavior corresponds with how closely Ag approaches the
upper bound of maximal entanglement; tighter coupling
leads to greater entanglement, which reduces the potential
variability in Ag.

For the energetic excitation, the same data are displayed
in Table II; however, the effect of coupling on both Ag
and the sink population is weaker, leading to large stan-
dard deviations, particularly for low coupling values. This
is revealing because the maximum eigenvalue occurs at the
initial excitation and is chosen specifically as the eigen-
state of the Hamiltonian with the optimal contribution to
the A mode. Choosing an excitation to optimize the rela-
tionship with the A mode results in variation in the degree
of entanglement and delocalization in the initial state, lead-
ing to variability in the sink population. This effect could
potentially be reduced by instead selecting the initial states
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TABLE II.

The maximum A and total sink population for
Hamiltonian coupling scaled from 0.25 to 3.0 with the energetic
excitation selected for the initial excitation.

Coupling Ag Sink

0.25 1.48 +0.1481 0.234 £ 0.1966
0.5 1.60 + 0.1366 0.323 £0.1310
0.75 1.65+0.1235 0.368 £0.0728
1 1.69 +0.1310 0.395+£0.0343
1.25 1.73 £ 0.0742 0.420 £ 0.0244
1.5 1.76 + 0.0547 0.432 £ 0.0207
1.75 1.77 £ 0.0441 0.432£0.0170
2 1.79 + 0.0350 0.441 £0.0160
2.25 1.79 £ 0.0441 0.444 £ 0.0175
2.5 1.80 £ 0.0298 0.442 £ 0.0125
2.75 1.80 + 0.0296 0.444 £ 0.0125
3 1.80 £ 0.0275 0.450 £0.0156

for each of the 50 Hamiltonians to have similar values of
A rather than selecting for the relationship to the A mode
of the spatially excited simulation.

Although the relationship between A and the sink pop-
ulation may appear trivial, indicating merely that both are
correlated with the degree of coupling, the results help
to highlight an important feature of the relationship. The
value of A indicates the formation of a highly entangled
delocalized state upon or soon after initial excitation. This
is significant because the key factor necessary for efficient
transfer from one location in the ring to the opposite side,
as in the model, is delocalization. In the case of this system,
the correlation between the sink population and Ag shows
that the delocalization enabling transfer from one side of
the ring to the other—for which the population of the sink
is an indicator—cannot be achieved without also forming

Vsite

0.08
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0.04

0.02

0.00

2 4 6 8 10 12 14 16 18
Site (f = 28, Maximum Eigenvalue)

a highly entangled state exhibiting large A¢. Likewise, fac-
tors that eliminate or reduce the entangled state also mean
that delocalization allowing for transfer to the state does
not occur effectively.

C. Delocalization of the A state

To understand the nature of the exciton-condensate-like
state, we examine the populations of the sites within the
eigenstate of Ag, Vit (for details, see the Appendix). Ve
signifies the site populations of the complex only within
the specific eigenstate associated with the large A ¢, calcu-
lated as the diagonal elements of the density matrix formed
from the eigenvector of Ag, 05, = |vg)(vG|. Because of

the transformation from G to G*, the values of V. are
inversely related to the exciton populations. In Fig. 4, we
show the population distributions of Ve at maximum Ag
for each excitation condition. The distributions show sites
in ascending order, although site 1 is adjacent to both site
2 and site 18 and site 9 is spatially farthest from site 1
because of the circular shape of the system. The dotted
line shows an equal eigenvector population of 1/18 in all
18 sites (site 19 is the sink) for the W state, represent-
ing the ideal entanglement of 18 sites. Equal eigenvector
populations in a W state represent a distinctly different
type of state than that of the system at which the popula-
tions of the density matrix reach equilibrium. This is partly
because equal populations in the density matrix do not nec-
essarily imply equal populations in the eigenvector (see
below for more details) but also because the equilibrium
of density-matrix populations at long timescales occurs in
conjunction with the loss of off-diagonal coherence.

For the spatial excitation, the maximum A occurs early
in the simulation, ranging from 19 to 34 fs over the 50
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FIG. 4. The distributions of the populations of the eigenstate for maximum A for the (a) spatial and (b) energetic excitation models.
The dotted line represents the eigenstate populations for a maximally entangled I state.
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Hamiltonians. The distribution of Ve 1s therefore still
partially centered around the initial excitation site. How-
ever, some delocalization around the ring occurs, with all
sites containing some population, demonstrating move-
ment toward a highly delocalized entangled state even
from a localized unentangled initial state. This occurs as
the time evolution moves the system toward an eigenstate
of the Hamiltonian; since eigenstates of the Hamiltonian
form delocalized entangled states, the system naturally
moves toward a highly entangled state. After the initial
condition, the system cannot achieve a true W state due to
the inclusion of the sink, which receives exciton population
but is coupled to the remainder of the sites only through
the Lindblad operator. Like the spatial excitation, the max-
imum eigenvalue of the energetic excitation is delocalized
but does not form a true W state, although the magnitude of
Ag (g = 1.69 with a standard deviation of 0.1310) indi-
cates significant entanglement. Given the upper bound on
Ag (A = 1.88), this indicates that the populated sites are
significantly entangled, resembling a state close to a W
state but just with fewer entangled sites. However, both the

spatial and energetic excitations trend toward delocaliza-
tion over all sites rather than forming maximally entangled
states over only one region (e.g., population on only sites
directly adjacent to sites near the excitation), suggesting
that the system is seeking a state of maximum coherence
over all possible sites. Nonetheless, disorder inherent in the
system and loss of exciton population to the sink prevents
favoring a true W state.

Plots of Ve over time are shown in Figs. 5(a) and 5(d)
for spatial and energetic excitations. Like the density-
matrix populations, the Vg populations display oscil-
latory behavior for the spatial excitation but not the
energetic excitation. The Vg populations are delocalized
until approximately 650-700 fs, after which the eigen-
state becomes localized to only two sites. This is consis-
tent with experimentally measured exciton delocalization
lengths of 4 4+ 2 chromophores [46]. Interestingly, local-
ization to two sites occurs 300400 fs after decay of Ag
to less than one, corresponding instead to the point at
which all eigenvalues of G* begin to converge, although
Ag remains the largest eigenvalue. This point is the true
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FIG. 5.

The populations of the sites from the A mode of the (a) spatial and (d) energetic excitation models. Each color corresponds

to a site; the sink is yellow and the brown and pale red lines are sites 9 and 10, respectively. The sum of the modes of G* as a function
of time for the (b~),(c) spatial and (e),(f) energetic models for (b),(e) site 1 and (c),(f) site 9. The lowest (maroon) level corresponds to
the A mode of G* and each successive layer adds in the next-largest eigenstate.

013004-7



ANNA O. SCHOUTEN and DAVID A. MAZZIOTTI

PRX ENERGY 4, 013004 (2025)

classical transition, after which quantum coherence is lost
and exciton transfer occurs classically. The sites at which
Vsite becomes localized are the sink-transfer anchor and the
adjacent B site and, hence, the Vg, populations remain
trapped in the sites at which the greatest exciton transfer
occurs in the classical regime. This has implications for the
classical-transfer regime, indicating that the A eigenstate
is setting up the system for classical transfer by delocaliz-
ing population to the sites adjacent to the sink, to enable
transfer by hopping. In the absence of a sink, localization
occurs later (for details, see the Appendix), around 900 fs,
meaning that inclusion of the transfer site causes the sys-
tem to lose coherence more quickly. Additionally, in the
absence of a sink, the V. populations instead localize to
the lowest-energy sites.

We consider the uniqueness and significance of the Ag
eigenstate to total exciton transfer by examining the contri-
butions of all eigenstates of G* to specific site populations.
In Figs. 5(b) and 5(c) and Figs. 5(e) and 5(f), we show
plots of the eigenstate contributions over time for sites 1
and 9 for the spatial and energetic excitations. These sites
have been selected because site 1 is the excitation site for
the spatial excitation and site 9 is the sink-transfer anchor.
The given site population in the eigenstate associated with
Ag is plotted in dark maroon and each successive layer
in the plot adds the contribution to the site population of
the next-largest eigenstate; hence, the total site population
is plotted in light blue. For the site-1 population, the Ag
eigenstate has a more significant role in the total behavior
prior to the decay of Lg. However, for the site-9 popula-
tion, the contribution of the Ag eigenstate is greater near
the end of the simulation, corresponding to the localization
of the Vg to the sites adjacent to the sink anchor. More-
over, the quantum-classical transition is apparent in these
plots from the onset of a significant change in the behavior
of all eigenstates. The large contributions of the A mode
to site 9 following the quantum-classical transition sug-
gests that the mode remains important even after loss of
coherence. The A eigenstate is also the only eigenstate
for which the behavior is notable for both sites, i.e., while
other eigenstates have large contributions to the dynamics
on one site or the other, no other site has large contribu-
tions on both sites, meaning that this eigenstate helps to
serve as the link for transferring population between these
two sites.

D. Variation in A¢ with ring size

Both entanglement and the number of sites play a role in
formation of the exciton-condensate-like state. To examine
their influence, we reduce the number of sites in the ring
and probe changes in behavior of the system. The average
maximum Ag for the spatial and energetic excitation are
plotted for 418 sites in Fig. 6, along with the upper bound
on Ag determined from the W state. Note that in addition

1.8+
=
s 171
>
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[
o
W 1.6
S
>
£
S 151
=
— W State
1.4 A — Spatial Excitation
— Energetic Excitation

4 6 8 10 12 14 16 18
Number of Chromophores

FIG. 6. The plot of the number of sites versus the average max-
imum eigenvalue for the spatial excitation (green) and the initial
density matrix of the energetic excitation (purple). The black
line shows the W-state upper bound of 2 — 2/N, where N is the
number of sites.

to reducing the number of sites, long-range coupling of
the Hamiltonian is adjusted to correspond to contraction
of the ring, i.e., the approximate distance between sites
remains constant independent of the number of sites in the
ring. The magnitude of s shows little variation for the
spatial excitation, decreasing only from 1.58 4+ 0.0283 to
1.40 £ 0.0208 from 18 to four sites. The energetic excita-
tion has a slightly more pronounced difference between 18
and four sites (1.69 £ 0.1310 to 1.31 & 0.1043) but both
excitation states follow the general shape of the W-state
bound. It is unsurprising that the states resemble the trend
of the W state, as the W state corresponds to the max-
imal limit of the entangled states. However, the results
also reveal that for the spatial excitation, as the size of the
ring contracts, the ability of the system to achieve opti-
mal entanglement increases, as indicated by the fact that
A¢ approaches nearer to the upper bound and, thus, nearer
to a W state, for the ring with four sites.

IV. DISCUSSION AND CONCLUSIONS

The exciton-condensate-like state, we find, is highly
correlated with exciton transfer. The correlation between
these two properties demonstrates the participation of the
exciton-condensate-like state in efficient exciton transfer
and has implications for utilizing localized condensation
to achieve highly efficient energy transport in other mate-
rials. Building upon the previous work with FMO, we
clarify the role of the exciton-condensate-like state in pro-
viding entanglement leading to delocalization of excitons
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that enables transfer and sets up the system for classical
transfer even after decoherence of the state. In a small sys-
tem such as FMO, this is less consequential, but increasing
complexity and length scale, as in LH2, highlight the
importance of creating conditions that allow for exciton
population to efficiently move from one side of the ring
to the other. Additionally, the relative lack of dependence
on the initial excitation conditions in LH2 shows that, in
contrast to a small system such as FMO, which is much
more susceptible to differing excitation conditions, the
more complex system has more inherent abilities to reach
coherent states that help it achieve the most advantageous
delocalized state. While the initial excitation conditions
can be optimized to enhance localized condensation, the
condensate state can form independent of coherence, or the
lack thereof, in the initial excitation, indicating that it is a
system-dependent property resulting from specific struc-
tural features rather than particular excitation conditions.
Searching for other quantum systems with these features
will assist in identifying materials or systems that are capa-
ble of exhibiting localized condensation. It may be that a
variety of systems possess the appropriate features to be
candidates for using localized condensation to initialize
efficient energy transfer.

The primary requirements for formation of the exciton-
condensate-like state appear to be a sufficient number of
similarly coupled, relatively degenerate sites capable of
forming an exciton, e.g., qubits or molecules with closely
spaced highest-occupied and lowest-unoccupied orbitals,
such as chlorophyll molecules in a light-harvesting com-
plex. Unlike systems in which macroscopic exciton con-
densation has been observed, light-harvesting complexes
are inherently noisy and not perfectly ordered. The pres-
ence of the large eigenvalue in this model shows that a
perfectly ordered system—such as the model with exact
degeneracy and equal coupling of sites—is not neces-
sary for observing localized condensation. Moreover, the
results demonstrate the ability of the state to maximize
entanglement within the constraints of the system and uti-
lize quantum properties even in the presence of noise and
disorder. The stability of the exciton-condensate-like state
to reductions in the number of sites in the ring also shows
that the state can form so long as the minimum three sites
are present and is only moderately enhanced by a larger
number of sites due to the upper bound.

As the large eigenvalue approaches the limit of the
ideal W state, this signifies the system “seeking” max-
imum entanglement but limited from reaching an ideal
state by inherent disorder. This process of “seeking” is
driven by the movement of the system toward the eigen-
states of the Hamiltonian. Analysis reveals that in this case,
all eigenstates of the Hamiltonian form a highly entan-
gled exciton-condensate-like state. The disorder in the
system and subsequent decoherence after time evolution
place the limits on reaching a maximally entangled state.

Indeed, in an otherwise equivalent but perfectly ordered
system, the I state is an eigenstate of the Hamiltonian.
From this analysis, an important indicator of the ability
to form an exciton-condensate-like state is the presence
of the large eigenvalue in eigenstates of the Hamiltonian
indicating ground-state entanglement or exciton conden-
sation. For designing new materials with the potential for
exhibiting a localized exciton-condensate-like state, this
could be used to verify that, in the chosen system, the
exciton-forming sites are appropriately coupled to form an
exciton-condensate-like state.

Examining excitonic entanglement with respect to
the W state clearly underlines the relevance of the
light-harvesting complex to quantum information. Light-
harvesting complexes, and closely related systems, are of
interest for quantum sensing and computing because they
are open quantum systems capable of exchanging infor-
mation with their environment; hence, the evolution of
entanglement provides a quantum signal [39,41]. Under-
standing entanglement in this type of system, therefore,
could illuminate important considerations for developing
technologies and mitigating interference from environ-
mental noise and disorder. Additional understanding may
be gained by experimentally probing real systems for
this effect. In light-harvesting complexes such as FMO
and LH2, two-dimensional electron spectroscopy (2DES)
has been used to explore coherence and exciton trans-
port processes [47]. After excitation by coherent light, the
exciton density matrix can be calculated and transformed
to an appropriate basis for theoretical analysis [39]. This
advanced spectroscopic approach could be applied in con-
junction with the theoretical methods used in this work
to probe physical systems for an exciton-condensate-like
state. Recent work has also demonstrated an entangle-
ment witness based on the cumulant of the particle-hole
RDM, which also contains the large-eigenvalue signature
[48], in solid-state materials from resonant inelastic x-
ray scattering (RIXS) spectroscopy [49]. In materials, this
could also prove to be a powerful method for identifying
exciton-condensate-like states.

In a physical light-harvesting complex or synthetic
material, localized exciton condensation may not neces-
sarily be constrained by the limits of the single-excitation
manifold and the W-state bound. Equilibrium ground-
state exciton entanglement in a physical system may take
on values that exceed the limit of a single excitation
and could potentially enhance the effects of the local-
ized condensation. The nature of the exciton-condensate-
like state as a coherent state of excitons also suggests
potential connections to coherent emission, i.e., superradi-
ance [50,51], which is known to amplify energy emission
and is associated with exciton delocalization in photosyn-
thetic light-harvesting complexes [52]. Future exploration
could examine possible interplay between coherent emis-
sion and localized exciton condensation in light-harvesting
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complexes, providing further evidence of how nature uti-
lizes quantum coherence for realizing function.
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APPENDIX

1. Hamiltonian

The general form of the Hamiltonian is given by

H=> (e +8e)al,a,, (A1)
s,m
D B RN ()

SF#L

where s, ¢ is the site, m = *£1 is the upper or lower level,
€ is the site energy, de¢; are the energy fluctuations for
a specific site, and J;, is the intersite coupling. The site
energies, fluctuations, and coupling are defined following
Ref. [17], with model parameters from Refs. [53—57]. Each
site is nearly degenerate in energy, starting from degener-
ate energies with fluctuations added as Gaussian random
noise to simulate the effects of different protein environ-
ments. The energy fluctuations are determined, following
Refs. [17,54], to be a sum of Gaussian random variables
with standard deviations of magnitudes o = 265 cm™!
and o = 33 cm~!. The nearest-neighbor coupling includes
strong coupling between the o and B sites of the same
dimer (Jy,—p, = 320 cm™") and weaker coupling between
o and B sites of adjacent dimers (Jg_o; = 250 cm™h).
Long-range coupling is determined based on the dipole
interactions of the sites. The B80O ring is not included in
the model because the weak coupling between the B800
and B850 rings is expected to lead to incoherent excitation
of the B850 ring by the B80O0 ring.

For the results presented in the main text, the Hamil-
tonian is not expanded to have multiple sites per chro-
mophore as in Ref. [24] as the results show little difference
when compared to those with only one site per chro-
mophore. Given the nature of the LH2 Hamiltonian in
comparison to that of the FMO complex, LH2 represents a
nearly homogeneous system, as sites are nearly degenerate,
differing in energy by random noise, and are arranged in
a homogeneous pattern, while FMO is an inhomogeneous
system, which has previously been shown to influence the
effect of coupling on exciton transfer [58]. Additionally,
the circular structure of LH2 leads to higher connectiv-
ity between sites, which, as has been demonstrated in
Ref. [59], leads to increased robustness to disorder. In the

TABLEIII. )¢ for eigenstates of a representative Hamiltonian.
Eigenstate AG
1 1.83
2 1.69
3 1.80
4 1.54
5 1.79
6 1.76
7 1.79
8 1.74
9 1.72
10 1.77
11 1.85
12 1.83
13 1.82
14 1.74
15 1.77
16 1.78
17 1.80
18 1.70

expanded FMO Hamiltonian, increased or decreased exci-
ton transfer relative to the baseline value occurs due to
constructive or destructive interference between sites. A
system more robust to disorder is also likely to be more
robust to the effects of interference between sites, which
could explain the lack of influence of the multielectron
model on exciton transfer for LH2.

With respect to the exciton-condensate-like state, our
conclusions regarding the requirements for state formation
shed light on the differences between these two systems
as well. For FMO, the magnitude of the large As with
a single-site excitation is independent of the number of
additional chromophore sites from the multisite model and
the underlying foundation for formation of the exciton-
condensate-like state is the presence of multiple nearly
degenerate coupled sites, just as for LH2. Consequently,
the multisite model magnifies the ability of the system to
demonstrate an interchromophore exciton-condensate-like
state but does not inherently cause it.

a. Hamiltonian eigenstate analysis

In Table III, we display Ag for the density matrix con-
structed from the eigenstates of a representative Hamilto-
nian matrix.

2. Lindblad equation

Time propagation is performed using the Lindblad
equation [60]:

Ly _%[ﬁ], D] + L(D), (A3)

dt

where H is _the Hamiltonian, D is the exciton density
matrix, and L(D) is the Lindblad operator. The Lindblad
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operator provides dephasing and transfer of excitons to a
sink,

L(D) = Laepn(D) + Lainc (D), (A4)

with
(AS)

Laepn(D) = o Y 2(k|DIk) |k} (k| — {| ) (kI, D},
k

Lin(D) =y ) 2(@|Dl)Is)(s| — {lo}(w],D}.  (A6)

The dephasing and transfer constants are = 0.0016 and
y = 1.451330596 x 10~ in atomic units. The dephasing
constant is chosen to have a rate of approximately 150
fs [54,61] and the transfer rate corresponds to a transfer
time of approximately 3 ps for a single sink site, in line
with the experimentally predicted transfer time of 3—5 ps
[32,62—65].This moves approximately 25% of the popu-
lation to the sink within 500 fs. The sink is anchored to
the site farthest from the initial excitation in the spatially
localized framework, site 9. In a real system, excitons
move from the B850 ring of LH2 to LH1 through dipole
interactions, so a single site would not be expected to be
“coupled” to a reaction center; instead, all sites would be
expected to have some coupling to transfer population to
LH1, with those nearest having a stronger coupling than
those farther away. However, we find that while coupling
all sites of the B850 ring to the sink—with a scaling factor
determined by 1/7°, where r is the distance, to represent the
length scale of dipole-dipole interactions—produces larger
sink populations over the length of the simulation, the
results are not qualitatively different from coupling a single
site to the sink. We, therefore, use a single-site coupling to
the sink to simplify the model and use this rate to achieve
sufficient transfer to assess the role of the entangled state
in exciton transfer.

3. Site populations at equilibrium

Because of static disorder in the Hamiltonian, the pop-
ulations do not equilibrate to exactly equivalent values.
In Fig. 7, we show populations for the spatial and ener-
getic excitations after 500 fs for all 50 Hamiltonians to
demonstrate this inequivalence. The dip in the populations
represents the sink anchor site, which has lower popula-
tion on average due to the draw of population to the sink.
On average, the range of the site populations with the
spatial excitation is 0.0152 and 0.0158 with the energetic
excitation.

4. Calculation of V. and energetic excitation

The energetic excitation is chosen as the eigenstate of
the Hamiltonian with the largest contribution to As from

0.25 1

0.20 1

0.154

Populations

0.10 1

0.10

0.09 A

0.08 -

0.07 4

Populations

0.06

0.05

0.04

FIG. 7. The (a) spatial and (b) energetic excitation populations
after 500 fs.

the spatial-excitation results. When the Hamiltonian is
diagonalized as

Hu; = €, (A7)
where the ¢; are the eigenvalues and the u; are the eigen-
vectors, each eigenstate represents a spatially delocalized
energetically localized state. To determine which eigen-
state contributes the most to Ag, we construct a density
matrix corresponding to the Ag eigenstate from the results
of the spatially localized simulation

Prg = UG)»GUE, (A)

where v is the eigenvector of the A eigenstate. The
diagonals of p,; correspond to the populations of the A¢
eigenvector mode, Vije. 0y, 18 transformed to the “exciton”
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representation as

Py = W Prgh. (A9)
The diagonal elements of pr then represent the popula-
tions of the Ag mode in the “exciton” representation, with
each exciton corresponding to an eigenstate of H. The
eigenstate with the highest population from ,ofG has been
chosen for the initial energetic excitation, i.e.,

Dy = pgig. (A10)

5. Eigenvector population dynamics with no sink

Plots of the eigenvector population dynamics with no
sink are shown in Fig. 8. Note that localization occurs

" Ta)
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FIG. 8. Plots of the eigenvector population dynamics for the

(a) spatially and (b) energetically localized excitations with no
sink.

later in the simulation than with a sink, indicating that
the quantum-classical transition occurs earlier with a sink.
Additionally, rather than localizing to the sink anchor and
adjacent site, the site populations V. are localized to the
lowest-energy sites, shown in green and sea green.
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