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Quantum effects have been proposed to play functional roles in biological processes such as photosynthetic energy transfer and
avian magnetoreception. In photosynthetic light-harvesting complexes, excitation energy transfer can proceed with remark-
ably high efficiency. With advances in experimental techniques, two-dimensional electronic spectroscopy can reveal dynamic
processes such as coherence and coupling within a system, and it plays an important role in studying energy transfer in photosyn-
thesis. On the theory side, methods such as the generalized Bloch-Redfield theory and the hierarchical equations of motion are
used to model photosynthetic systems. Quantum simulation has also emerged as a complementary route for investigating photo-
synthetic dynamics, with implementations on multiple experimental platforms. In recent years, a series of studies has introduced
quantum coherence into artificial systems to enhance energy transfer efficiency, laying the groundwork for the design of coherent
devices with efficient energy transport. Birds are thought to sense direction by exploiting the weak geomagnetic field through
spin-dependent chemical reactions. Theoretical frameworks for animal navigation include magnetite-based mechanisms, magne-
toreceptor genes, and the radical-pair mechanism. Quantum simulation of magnetoreception-related spin dynamics has likewise
progressed across multiple platforms. Inspired by animal navigation, diverse quantum effects have been applied to improve sens-
ing and to support navigation tasks. This review summarizes recent progress in quantum coherence related to photosynthesis and
avian magnetoreception, with emphasis on experimental advances, theoretical methods, quantum simulation, and the design of
bioinspired coherent devices.
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1 Introduction

Quantum coherence, once thought to be too fragile to sur-
vive in complex and warm biological environments, is now
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increasingly recognized as a potentially important ingredi-
ent in several biological functions, most notably in photo-
synthetic energy transfer and magnetoreception-based ani-
mal navigation [1,2]. These discoveries have stimulated in-
tense interest at the interface of quantum physics, chemistry,
and biology, not only because they deepen our understand-
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ing of living systems, but also because they offer new design
principles for artificial quantum devices.

Photosynthesis is a highly coordinated biochemical pro-
cess that converts solar energy into chemical energy. It is
well known that the process of photosynthesis mainly in-
cludes four aspects, namely the primary reaction, electron
transfer, photophosphorylation, and carbon dioxide fixation
[3]. Among these stages, exciton energy transfer (EET) in
light-harvesting complexes has attracted particular attention
because it proceeds with remarkably high efficiency. How-
ever, the processes of energy and electron transfer are ultra-
fast and occur on the order of 1 ps. The excitation energy is
transferred to the reaction center on a timescale of 30 ps, and
the subsequent electron transfer is completed in about 3 ps.
Since energy transfer in photosynthesis can be regarded as an
open-system dynamics, several theoretical approaches have
been developed [4-10], including Forster theory [4,5,11,12],
modified Redfield theory [6, 7, 13-16], and the hierarchical
equations of motion (HEOM) [10,17,18]. While these meth-
ods have significantly advanced our understanding of photo-
synthetic dynamics, they are often based on specific approx-
imations or become computationally demanding in realistic
parameter regimes.

Progress in ultrafast spectroscopy has provided a power-
ful experimental window into these dynamics. In particu-
lar, two-dimensional electronic spectroscopy (2DES) has en-
abled the direct characterization of coupling patterns, energy-
transfer pathways, and coherent signatures in pigment-
protein complexes. In the late 1980s, the molecular struc-
ture of the purple bacterial reaction center protein complex
was obtained [19], and subsequently, several other molecu-
lar structures of reaction centers and light-harvesting antenna
protein complexes were widely determined [20-23]. In 2005
[24], 2DES was used to study the energy transfer pathways in
the Fenna-Matthews-Olson (FMO) photosynthetic complex.
At the same time, Read et al. [25] used 2DES to study the
energy transfer process in the FMO photosynthetic complex
of green sulfur bacteria, revealing the key role of quantum
coherence in efficient energy transfer during photosynthesis.
Since then, the extent to which quantum effects contribute
functionally to photosynthesis has become a central topic of
debate and exploration.

Another striking arena in quantum biology is animal nav-
igation. Many migratory animals, especially birds, are be-
lieved to sense the Earth’s weak geomagnetic field and use
it as a directional cue. One of the most influential explana-
tions for this ability is the radical-pair mechanism (RPM), ac-
cording to which spin-dependent chemical reactions become
sensitive to the geomagnetic field through singlet-triplet in-
terconversion driven by hyperfine interactions and external
magnetic fields. This mechanism is particularly intriguing
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from a quantum perspective because it involves coherent spin
dynamics, and in some models even transient quantum en-
tanglement between the two radicals [26-28]. Remarkably,
such quantum correlations have been predicted to persist for
biologically relevant times under ambient conditions, chal-
lenging the conventional view that nontrivial quantum effects
cannot survive in noisy environments. The magnetically sen-
sitive reaction dynamics in radical-pair systems can also be
described using generalized Holstein-type models that ex-
plicitly include spin degrees of freedom.

Despite substantial progress, understanding quantum ef-
fects in biological systems remains theoretically and compu-
tationally challenging. Most existing methods for photosyn-
thetic energy transfer rely on approximations that are valid
only in restricted parameter regimes, while numerically exact
approaches often suffer from high computational cost. Sim-
ilar challenges arise in modeling spin-dependent dynamics
in magnetoreception. In this context, quantum simulation
offers a promising complementary strategy. By exploiting
quantum superposition and entanglement, quantum simula-
tors can emulate complex many-body and open-system dy-
namics in ways that are difficult for classical computation.
For this reason, quantum simulation has been proposed and
implemented as a tool for studying both photosynthetic en-
ergy transfer and animal navigation [21, 22,26, 29-38]. Re-
cent years have witnessed experimental realizations of such
simulations across multiple platforms, further strengthening
the connection between quantum information science and
quantum biology.

Beyond biological understanding, these studies have also
inspired the development of bioinspired quantum technolo-
gies. Motivated by the possibility that coherence can im-
prove energy transport and magnetic sensitivity, researchers
have proposed both theoretical models and experimental ar-
chitectures for quantum coherent devices. For example, Cre-
atore et al. [39] introduced a simplified model in which two
dipole-coupled pigments form bright and dark states that ef-
fectively replace the natural reaction center. In this design,
light first excites the bright state, followed by rapid nonradia-
tive transfer to the dark state, which then injects an electron
into an artificial acceptor. This mechanism suppresses radia-
tive losses and enhances charge injection, thereby increasing
photocurrent and improving power output. In a related di-
rection, Xiao et al. [40], inspired by animal magnetorecep-
tion, showed that local magnetic-field fluctuations generated
by magnetic proteins can, under resonance and triplet nonde-
generacy conditions, drive singlet-triplet interconversion in
radical pairs and enhance directional sensitivity to the ge-
omagnetic field. Their results suggest that magnetic noise,
rather than being purely detrimental, can in some cases im-
prove metrological performance. Recent studies have fur-
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ther extended this idea from biological magnetoreception to
controllable molecular spin devices. Chowdhury et al. [41]
showed that a Pontryagin maximum principle-based strategy
can steer coherent and incoherent dynamics in noisy spin-
correlated radical pairs. Smith et al. [42] further showed that
structured interradical motion in cryptochrome can enhance
directional sensitivity and push radical pair magnetosensing
precision toward the quantum Cramér Rao bound. These re-
sults suggest that molecular motion and environmental noise
can serve as functional resources for bioinspired weak field
sensing, rather than being only sources of decoherence.

This review is organized around three connected themes.
We first discuss photosynthesis and avian magnetoreception
as representative biological settings in which quantum ef-
fects may play functional roles. We then summarize quantum
simulation approaches for modeling coherent energy-transfer
and spin-dynamical processes. Finally, we discuss how these
ideas can be translated into bioinspired coherent devices for
efficient energy transport and weak-field sensing.

2 Quantum effects in photosynthesis

2.1 Theoretical studies of photosynthesis

The study of energy transfer in photosynthetic systems re-
quires the application of quantum dissipative dynamics meth-
ods. In such investigations, the pigment molecules and other
relevant structures of interest are typically treated as the
system, while the remaining structures, such as the protein
scaffolds, are treated as the environment. To date, various
quantum dissipative dynamics methods have been proposed
[4-10].

Theoretical approaches to studying photosynthesis include
the Forster theory, which describes stochastic resonance en-
ergy transfer between weakly coupled pigment molecules
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[4,5,11,12]. The modified Redfield theory is more suit-
able for delocalized exciton states with relatively strong elec-
tronic coupling and weak off-diagonal exciton-bath coupling
[6,7,13-16]. The generalized Bloch-Redfield theory char-
acterizes non-Markovian open quantum systems [8,9]. The
HEOM enables highly accurate simulations of energy trans-
fer between pigment molecules [10, 17, 18]. However, these
theoretical methods all have their own ranges of applicability.

To make the differences among these theoretical methods
clearer, Table 1 gives a brief comparison of Forster theory,
modified Redfield theory, generalized Bloch-Redfield theory,
and HEOM. These methods are useful in different physical
regimes. Forster theory is mainly used when the electronic
coupling is weak, and the excitation is relatively localized.
Modified Redfield theory is more suitable for describing pop-
ulation relaxation between exciton states when excitonic cou-
pling is strong. Generalized Bloch-Redfield theory can treat
coherent evolution and relaxation within the framework of
open quantum systems, and can be used for dynamics with
memory effects. HEOM can describe coherent wave-like mo-
tion, incoherent hopping, and the intermediate EET regime
in a unified way, but it usually requires a high computational
cost. This comparison helps readers quickly understand the
applicable range of each method and also explains why quan-
tum simulation can serve as a useful complement for study-
ing photosynthetic energy transfer. The detailed discussions
can be found in the review by Tao et al. [43].

2.2 Two-dimensional electronic spectroscopy

2DES is an ultrafast nonlinear laser spectroscopy technique
that provides higher temporal and spectral resolution than
conventional linear spectroscopy [44,45]. In photosynthesis
research, it has been used to resolve coherent dynamics, elec-
tronic couplings, and energy-transfer pathways in pigment-
protein complexes [24,25,46-50].

Table 1 Comparison of several theoretical methods for photosynthetic energy transfer

Method Applicable range Main advantages Limitations
. . . . Not suitable for strongly delocalized excitons
Weak interchromophore electronic Provides a transparent rate-based picture . £y .
. . . . . or coherent exciton dynamics. Its accuracy
Forster theory coupling and localized donor of incoherent hopping energy transfer
L . . R . also depends on the spectral-overlap
and acceptor excitations and is computationally inexpensive . Lo
model and coupling approximation
Delocalized exciton states with relativel Describes population relaxation amon . . . .
. . . ¥ . pop K . & . Less reliable in the weak electronic coupling
Modified Redfield strong electronic coupling and weak exciton states and includes bath reorganization e .
- . . . limit, for strong system-bath coupling, or
theory off-diagonal exciton-bath coupling and pure dephasing more accurately than .
R . . when exciton energy gaps are small
in the exciton basis standard Redfield theory
. . Still relies on perturbative treatment of
. . . . Propagates the reduced density matrix and pA .
Generalized Weak system-bath coupling, with possible the system-bath interaction. Its accuracy

Bloch-Redfield theory

HEOM

non-Markovian or non-secular extensions

Nonperturbative and non-Markovian
open-system dynamics with structured
environments, provided that the bath correlation
functions and hierarchy are converged

can describe coherent evolution, relaxation,
and dephasing within one framework

Can describe coherent wave-like motion,
incoherent hopping, and intermediate EET
regimes within a unified framework

can be sensitive to Markov, secular, and
bath-model approximations
Usually requires high computational
and memory cost, especially for large
pigment aggregates, low temperatures,
long bath memory, or complex spectral densities
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Using noncollinear three-pulse photon-echo spectroscopy,
researchers have successfully used 2DES to investigate
energy-transfer pathways in the FMO complex. Brixner et
al. [24] directly demonstrated the existence of two parallel
energy-transfer routes, showing that energy flow in the FMO
complex does not simply follow a downhill hopping mecha-
nism. Instead, it is guided by the spatial distribution of ex-
citonic wavefunctions, emphasizing the structural and func-
tional complexity of energy transfer in photosynthetic sys-
tems.

Polarization-dependent 2DES has further advanced the
understanding of excitonic structures and energy-transfer dy-
namics in the FMO complex of green sulfur bacteria. Read
et al. [25] showed that nonrephasing spectra provide a
clearer resolution of interexciton energy-transfer pathways
than rephasing spectra. By applying specific laser-pulse po-
larization combinations, their work determined projection
angles between excitonic states, revealing distinct energy-
transfer processes and offering detailed insights into the in-
terplay between excitonic states.

The development of spatially resolved fluorescence-
detected two-dimensional electronic spectroscopy (SF-
2DES) has enabled unprecedented spatial and temporal res-
olution in the study of photosynthetic systems. Tiwari et al.
[46] demonstrated that this technique, which integrates fem-
tosecond temporal resolution with submicron spatial resolu-
tion, can map the spatial heterogeneity of excitonic structures
in photosynthetic bacteria. Their findings revealed that mem-
brane remodeling under varying light-intensity growth condi-
tions induces significant alterations in the excitonic structure
of light-harvesting complexes. By analyzing intensity vari-
ations of diagonal and cross-peaks in the 2D spectra, they
provided critical insights into how environmental factors in-
fluence excitonic organization and energy-transfer dynamics.

Overall, with the combined development of high-
resolution structural information and ultrafast spectroscopic
experiments, research on photosynthesis has advanced fur-
ther toward analyzing energy flow pathways and coupling re-
lationships between states [51]. 2DES functions as a non-
linear laser spectroscopy method with ultrafast time and fre-
quency resolution, and it provides more accurate descrip-
tions of coherence, coupling, and dynamics in a system than
traditional linear spectroscopy. Therefore, it plays a key
methodological role in studies of energy transfer in photo-
synthesis [24, 25, 46-50]. Its application to the FMO com-
plex directly revealed parallel energy pathways and energy
flow guided by the spatial distribution of exciton wave func-
tions [24]. Polarization-dependent 2DES improved the res-
olution of transfer pathways between exciton states by op-
timizing pulse polarization combinations and by using non-
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rephasing spectra, and it quantified projection relations and
interactions between different exciton states [25]. Further-
more, SF-2DES combined femtosecond time resolution with
submicron spatial resolution, produced images of spatial het-
erogeneity in exciton structure in photosynthetic bacteria,
and showed through analysis of diagonal and cross peaks in
the two-dimensional spectra how membrane remodeling un-
der different light intensities reshaped exciton organization in
light-harvesting complexes and regulated energy-transfer dy-
namics [46]. Together, 2DES and its variants provided fine
characterization of energy coupling, coherence, and multi-
path routing in photosynthesis across time, frequency, and
space, and they served as essential tools for clarifying the
mechanisms of light harvesting and transfer.

2.3 Quantum coherence effects in photosynthetic sys-

tems

Quantum coherence effects play a crucial role in photosyn-
thetic systems. Recognizing the significance of quantum co-
herence, numerous studies have explored leveraging these ef-
fects to enhance EET efficiency in photosynthetic systems
[43,52-62].

The mechanism of highly efficient energy capture and
transfer in photosynthesis relies on the complex molecular
structure of pigment-protein complexes. One of the simplest
and most thoroughly investigated cases in the study of pho-
tosynthesis is the light-harvesting apparatus of green-sulphur
bacteria, as shown in Figure 1. These systems have a very
large chlorosome antenna that allows them to thrive in low-
light conditions. The energy collected by these chlorosomes
is transferred to the reaction center through a specialized
structure called the FMO complex. Lee et al. [52] investi-
gated the role of quantum coherence in this transfer process
by designing a bichromatic electronic coherent photon echo
experiment. They directly probed the electronic coherence
between the excitonic states of bacteriochlorophyll (BChl)
and bacteriopheophytin in the reaction center of purple bac-
teria (Rhodobacter sphaeroides), revealing how the protein
environment preserves quantum coherence and optimizes en-
ergy transfer efficiency. Experimental results demonstrated
that the coherence between the H and B excitonic states lasts
approximately 440 femtoseconds (fs) at low temperatures
and 310 fs at higher temperatures. These coherence times
significantly exceed predictions from conventional theories.

Theoretical analysis further indicated that electronic cou-
pling alone is insufficient to account for such prolonged co-
herence times, necessitating consideration of nuclear motion
cross-correlations in the protein environment that regulate
energy fluctuations of the excitonic states. This strong cor-
relation extends electronic coherence and enhances energy
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(Color online) A quantum machine for efficient light-energy harvesting. The FMO complex, a well-known part of the light-harvesting system in

green sulfur bacteria, shows signs of quantum coherent energy transfer. Both experimental and theoretical studies have examined the mechanism of energy
transport in this complex and the extent to which quantum coherence contributes to its light-harvesting function. (a) Schematic of the photosynthetic system in
green sulfur bacteria, including the antenna, the energy-transmitting baseplate, the FMO complexes, and the reaction center. The chlorosome antenna contains
about 200000 BChl-c molecules and is optimized to capture photons under low-light conditions. (b) X-ray diffraction reveals the BChl-a arrangement in
an FMO pigment-protein complex. The FMO complex contains eight BChl-a molecules (seven shown) embedded in a protein scaffold (not depicted). The
excitation typically arrives from the chlorosome at site 1, then migrates from one BChl to the next, and upon reaching site 3 it can irreversibly transfer to the
reaction center to initiate charge separation. Figure adapted with permission of ref. [2]

transfer efficiency. The study suggests that quantum coher-
ence enables excitons to move rapidly and reversibly through
space, efficiently locating energy traps, while the protective
role of the protein environment significantly amplifies this
process. This study showed that photosynthetic energy trans-
fer does not follow purely incoherent Forster hopping under
the independent bath assumption. Instead, it includes sig-
nificant coherent contributions and coupling to specific vi-
brational modes, making it necessary to explicitly consider
long-range correlations between the system and the bath and
the dynamics of coherence in the theoretical framework. This
explained the efficient, fast, and reversible search and capture
of energy, and it provided clear principles of coherence en-
gineering and control of environmental correlations for the
design of bioinspired solar energy conversion materials and
devices.

Meanwhile, Engel et al. [53] investigated the energy trans-
fer process in the FMO photosynthetic complex of green sul-
fur bacteria using 2DES, uncovering the critical role of quan-
tum coherence in efficient energy transfer during photosyn-
thesis. For the first time, they directly observed electronic
quantum coherence lasting up to 660 fs at 77 K. This phe-

nomenon was manifested as quantum beat signals between
excitons and exceeded the predictions of conventional theo-
ries regarding coherence dissipation times. By recording the
oscillatory behavior of the lowest-energy excitonic states and
their cross peaks in the FMO complex, they found that these
oscillations corresponded to quantum coherence between ex-
citonic states. Their study demonstrated that quantum coher-
ence enables the excited state to efficiently sample multiple
excitonic states in a wave-like manner, thereby rapidly iden-
tifying the optimal energy transfer pathway. This mechanism
significantly enhances the efficiency of energy transfer and
stands in stark contrast to the traditional hopping model [63].

Panitchayangkoon et al. [59] provided direct evidence
that excitonic coherence can couple to excited-state popula-
tion dynamics during photosynthetic energy transfer. Using
2DES on the FMO complex of green sulfur bacteria, they
showed that quantum coherence persisted for extended peri-
ods and directly influenced EET through oscillatory excited-
state populations. The observed 90° phase relation between
population oscillations and coherence supported a quantum-
transport origin rather than classical quantum beating or vi-
brational coupling. Redfield master-equation analysis further
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indicated that direct population-coherence coupling drives
these oscillations, while dynamic coupling to the protein en-
vironment enables reversible energy exchange between the
excitonic system and the protein matrix.

This work clarified that the protein environment not only
protects coherence but also participates in reversible energy
exchange with pigments through strong coupling, revealing
at the microscopic level a cooperative flow of energy be-
tween excitons and bath modes. This evidence provided di-
rect kinetic support for achieving efficient and robust photo-
synthetic energy transfer at physical temperatures, and it pro-
vided verifiable design guidelines for coherence engineering
and environmental control in bio-inspired solar energy mate-
rials.

These studies [43, 52-61] indicate that the synergy be-
tween quantum coherence and the protein environment is a
core mechanism underlying the highly efficient energy trans-
fer in photosynthetic systems. A deeper understanding of
these quantum dynamical mechanisms not only expands our
knowledge of natural photosynthesis but also provides criti-
cal theoretical support and experimental foundations for the
design of efficient artificial light-harvesting systems.

Although quantum biology has made striking progress in
studies of exciton transport in photosynthesis, the central
claims of the field remain highly controversial. In photosyn-
thetic systems, it is still debated whether the long-lived os-
cillatory signals observed in 2DES can be explained as elec-
tronic quantum coherence with biologically functional sig-
nificance. However, a growing number of studies suggest
that these signals can be explained, at least in part, by vi-
brational coherence or by mixed electronic-vibrational states,
rather than by purely electronic coherence [64-67].

By building a dimer model that includes two coupled pig-
ments and intramolecular vibrations, and by combining a
nonadiabatic theoretical treatment with simulations of two-
dimensional electronic spectra, Tiwari et al. [64] showed
that the traditional view attributing long-lived oscillatory sig-
nals mainly to electronic coherence is insufficient. This is
because purely electronic coherence cannot account for sev-
eral key spectral features at the same time, and in particular
cannot adequately explain the asymmetry in cross-peak os-
cillation intensity, the phase relations, or the differences be-
tween rephasing and nonrephasing signals. They argued that
when the energy gap between two exciton states is close to
the frequency of an active vibrational mode of a pigment,
the vibrational components that are anticorrelated between
the two pigments become resonant with the electronic ex-
citation and give rise to pronounced nonadiabatic vibronic
mixing. This mixing can not only promote energy transfer
between excited states, but also generate a delocalized vibra-
tional wave packet in the ground state, thereby producing os-
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cillatory features in two dimensional electronic spectra that
resemble, but are not identical to, those usually attributed to
electronic coherence. By comparing their results with exper-
imental observations in FMO and other photosynthetic an-
tenna systems, they concluded that the highly efficient energy
transfer in photosynthesis cannot be fully explained by long-
lived electronic coherence alone, but instead involves a nona-
diabatic coupling process in which vibrational and electronic
degrees of freedom jointly participate under near-resonant
conditions.

Duan et al. [65] reexamined the question of whether pho-
tosynthetic energy transfer in the FMO protein depends on
long lived electronic coherence by combining two dimen-
sional electronic spectroscopy experiments at room tempera-
ture with theoretical calculations. By analyzing the spectral
linewidth, the evolution during the waiting time, the decay-
associated spectra, and the oscillatory features in the residual
signals, the authors showed that electronic coherence in the
FMO complex decays rapidly within about 60 fs, which is
much shorter than the picosecond lifetime proposed in earlier
studies. Therefore, the longer-lasting oscillations observed in
the experiments cannot be taken as evidence for the presence
of long-lived electronic coherence. They showed that these
more persistent oscillations mainly arise from vibrational co-
herence of chlorophyll molecules rather than electronic co-
herence between different exciton states.

Maiuri et al. [66] carried out a systematic analysis of
the origin of the long-lasting oscillatory signals observed in
ultrafast spectroscopy of photosynthetic systems by study-
ing a model of the FMO complex in green sulfur bacte-
ria. They used site-directed mutagenesis to selectively al-
ter the protein environment near individual bacteriochloro-
phyll molecules, thereby perturbing the exciton energy level
structure of the FMO complex, and combined broadband ex-
citation and selective excitation pump-probe experiments to
compare the coherent oscillatory features in wild-type and
mutant samples at low temperature and at room tempera-
ture. They showed that although the mutations significantly
changed the absorption spectra and the exciton distribution,
the two main oscillation frequencies observed in the exper-
iments and their dephasing time of about 2 ps were almost
unaffected. Therefore, these long-lasting oscillatory signals
cannot be attributed to electronic coherence between excited
states. Furthermore, through selective experiments that ex-
cited only the lowest exciton state, the authors showed that
the relevant wave packet mainly arose from vibrational co-
herence in the ground state rather than from long-lived elec-
tronic coherence.

Although the role of electronic coherence in photosyn-
thetic energy transfer remains under debate, quantum simula-
tion remains a useful approach for modeling photosynthetic
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energy-transfer dynamics.

2.4 Applications of quantum simulation in photosynthe-
sis

In recent years, quantum simulation of photosynthetic sys-
tems has made notable advances on various artificial plat-
forms, with the main aim of using controllable quantum sys-
tems to replicate the high efficiency and directionality of
EET observed in natural light-harvesting complexes. Ap-
plications of quantum simulation in photosynthesis include
nuclear magnetic resonance (NMR)-based quantum simu-
lations [21,29-32], superconducting quantum circuit-based
quantum simulations [22], and ion trap-based quantum sim-
ulations [33-36]. In theory, some quantum algorithms have
also achieved the simulation of the Lindblad master equation
in open quantum systems, and thus enabled quantum simula-
tion of the dissipative FMO complex and radical pair models
related to avian magnetoreception [68, 69].

In quantum simulation of photosynthetic energy transfer,
different platforms are suited to different questions. NMR
systems are useful for simulating ensemble-averaged coher-
ent dynamics, and controllable dephasing noise can be intro-
duced to study the influence of environmental dephasing on
EET. Their advantages are mature control methods and direct
comparison with theoretical results such as HEOM. Their
main limitations are system scalability and signal readout.
Superconducting circuits have strong tunability. Site ener-
gies, couplings, and engineered dissipation can be adjusted,
which makes this platform useful for studying bright state
and dark state dynamics in EET and the effect of controlled
noise on energy transfer. Its main limitations come from co-
herence time and device noise, which can affect deeper or
larger simulations. Trapped ions provide precise control of
electronic and vibrational degrees of freedom, and are there-
fore well suited for studying vibrationally assisted energy
transfer. This platform can clearly simulate the coupling
among donor, acceptor, and vibrational mode, but extension
to large pigment networks remains difficult. Overall, these
platforms should not be viewed as direct replacements for
one another. Rather, they are useful for simulating different
levels of physical processes in photosynthetic dynamics.

The Hamiltonian of the photosynthetic system can be ex-
pressed as:

H2H5+HB+HSB, (1)

where Hg represents the system Hamiltonian, Hg represents
the environment Hamiltonian, and Hsp represents the inter-
action between the system and the environment.

When simulating the quantum dynamics of the photosyn-
thetic system on an NMR platform, the Hamiltonian of the
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NMR system can be expressed as:
H = Hs + Hpnp, ()
where the noise Hamiltonian Hpynp is given by

Henp = ) Bu(Dlm)(ml, (3)

and (,,(¢) represents the time-domain distribution of the ran-
dom noise. The explicit expression for 5,,(¢) is

N,
Bm(D) = Z "™ F(w))w; cos (a)jt + ¢;m)) , 4

J=1

where a/gm) is the noise amplitude acting on state |m). The

discrete frequencies are defined as w; = jwy, where wy is
the base frequency and N.wy is the cut-off frequency. F(w))
denotes the modulation function, and q)(jm) is a random phase.
By performing the Fourier transform of the second-order cor-
relation function of S,,(f), the power spectral density S ,,(w)
of the noise can be obtained as:

Sm(w) = f dre (B, (t + T)Bu (D)), ®)

which yields

- (aw))z N.

Sm(@) = ———— > [0 F(@)P[5(w - ;) + (w + w))].
j=1

Z
2

(6)
Assuming the noise power spectral density §S,,(w) has the
same form as the spectral density function of the photosyn-
thetic system, the corresponding modulation function F(w;)
can be determined. Subsequently, the time-domain distribu-
tion 3,,(¢) can be derived, and the noise Hamiltonian Hpnp
can be constructed.

In 2018, Wang et al. [29] employed NMR quantum simu-
lation to investigate EET in photosynthesis by using a lin-
ear tetramer model. The model consisted of four chro-
mophores with site energies of 13000, 12900, 12300, and
12200 cm™', and coupling strengths of 126, 16, 132, and
5 cm™!, respectively, representing typical parameters in pho-
tosynthetic systems. Environmental noise, characterized by
a Drude-Lorentz spectral density, was incorporated into the
simulation to study its impact on the EET process. Exper-
imental results demonstrated that the quantum simulation
closely matched the theoretical predictions obtained using
the HEOM in the short-time regime, where coherent oscil-
lations were prominently observed. Over longer timescales,
the system gradually thermalized, reaching a steady-state
equilibrium, thereby validating the role of environmental de-
phasing in the EET process. Moreover, the study revealed
that increasing the number of ensemble samples significantly
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reduced the discrepancy between the quantum simulation and
theoretical results. For instance, while smaller sample sizes
introduced noticeable differences, increasing the sample size
to 500 or more led to an almost perfect agreement between
the quantum simulation and HEOM calculations. To mini-
mize experimental errors and enhance simulation accuracy,
the authors employed the GRAPE algorithm to optimize the
pulse sequences. This ensured reliable results and demon-
strated the potential of NMR quantum simulation to effi-
ciently reproduce quantum coherence and environmental de-
phasing effects in photosynthetic energy transfer. The study
provides a robust framework for exploring complex EET
mechanisms and understanding the role of quantum coher-
ence in natural photosynthetic systems.

In recent years, superconducting quantum circuits, which
are highly controllable artificial quantum systems, have been
used to simulate the main processes of EET in biological
photosynthesis. In 2018, Potocnik et al. [22] built a sim-
ple three-site model using three tunable transmon qubits and
a microwave resonator. Qubits Q1 and Q2 were strongly
coupled to produce bright and dark states. Qubit Q3, cou-
pled via the Purcell effect, served as a reaction center to
extract excitations. By adding controlled broadband white
noise and narrowband Lorentzian noise to Q2, they showed
that noise can open an energy path between the bright state
and Q3 even when they are not resonant, enabling efficient
noise-assisted energy transfer. When the noise spectrum was
shaped to match the energy gap, the transfer efficiency in-
creased to 58% compared with 39% under uniform noise.
Their measurements also revealed the fluorescence spectra
of the bright and dark states, the splitting of the intermedi-
ate doublet, and the transition between strong and weak cou-
pling regimes. In both coherent and incoherent excitation ex-
periments, they observed dark-state protection and quantum
interference effects. These results clearly demonstrate how
quantum coherence and classical decoherence work together
to guide energy transport.

Trapped-ion quantum systems are widely used to study
quantum dynamics because they allow precise control and
measurement of both electronic and motional degrees of free-
dom [33-36]. In 2018, Gorman et al. [33] employed two
40Ca* jons to simulate vibrationally assisted energy trans-
fer as it occurs in photosynthesis. The electronic states of
the ions are mapped onto donor and acceptor levels. A cou-
pling of strength J between these levels is implemented via a
Mglmer-Sgrensen interaction on the axial motion mode. The
radial rocking mode, prepared in a thermal state, serves as
the vibrational environment and is coupled to the donor with
strength « through a local two-tone laser beam. An energy
detuning A between donor and acceptor is introduced by ap-
plying an optical Stark shift via unequal beam powers. In the
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experiment, all motional modes are first cooled by sideband
cooling to set their mean phonon occupation. The system is
then initialized in the state |DS ), evolved under the simulated
Hamiltonian for a variable time 7, and finally the transfer
probability is read out by fluorescence detection. They found
that when A exceeded J, direct transfer was suppressed,
but the vibrational environment bridged the energy gap and
produced clear single-phonon resonance peaks in the trans-
fer spectrum. At low temperature, the asymmetry of these
peaks revealed the quantum nature of the environment. This
study used a minimal and controllable trapped-ion model to
demonstrate the key dynamical and spectroscopic features of
vibrationally assisted energy transfer. It showed that when a
vibrational mode matched the donor-acceptor energy gap in a
quantum sense, the environment significantly promoted inter-
site energy transfer through single-phonon and multiphonon
processes. It also provided controlled evidence for the par-
ticipation of specific vibrational modes and clarified that the
environment does not merely cause dephasing but can also
be engineered to enhance transfer.

2.5 Quantum coherence devices

Insights from photosynthesis have inspired a range of design
principles for quantum coherent devices aimed at improving
light harvesting, charge separation, and energy-conversion
performance [39, 70-77]. Rather than merely serving as a
subject of quantum simulation, natural photosynthetic sys-
tems provide functional blueprints for device engineering.

In plants and algae, the initial conversion of absorbed pho-
tons into separated charges is extremely efficient [70, 71].
Blankenship et al. [71] emphasized that natural photosyn-
thesis achieves nearly unity quantum efficiency in its primary
energy-storage step. This performance arises from the highly
organized arrangement of pigment complexes in the reaction
center, where photon absorption is followed by a sequence
of selective energy-relaxation and electron-transfer processes
that promote efficient charge separation. From the perspec-
tive of device design, this picture suggests that artificial light-
harvesting systems should not simply maximize absorption,
but should instead integrate energy-level alignment, direc-
tional transfer pathways, and loss-suppression mechanisms
into a coordinated architecture.

Following this bioinspired strategy, Creatore et al. [39]
proposed a minimal quantum coherent photocell model in
which two dipole-coupled pigments form delocalized bright
and dark states that functionally mimic the natural reaction
center. In this scheme, optical excitation predominantly pop-
ulates the bright state, which then relaxes nonradiatively into
the dark state. The dark state subsequently transfers an elec-
tron to an artificial acceptor. This work illustrates a central



R.-H. Chen, et al. ~ Sci. China-Phys. Mech. Astron.

idea in quantum coherent device design, namely that engi-
neering excitonic delocalization and interference can redi-
rect energy flow away from loss channels and toward useful
charge-generation pathways.

Subsequent studies further clarified how coherence-related
mechanisms in natural photosynthesis can be reformulated as
practical design principles for artificial devices. In the PSII
reaction center, Romero et al. [74] showed that specific vi-
brational modes resonate with the energy gaps between exci-
ton and charge-transfer (CT) states, helping to sustain elec-
tronic coherence during the ultrafast initial stage of charge
separation. For quantum coherent device engineering, this
result points to an important strategy: exciton and CT mani-
folds should be arranged such that their energy splittings are
matched to selected vibrational modes or structured environ-
mental fluctuations. Such vibronic resonance can promote
directional charge separation, improve pathway selectivity,
and help maintain coherence over the time window most rel-
evant for energy conversion.

This line of thinking has also influenced artificial pho-
tovoltaic design. Alharbi and Kais [75] analyzed photo-
voltaic efficiency limits using detailed-balance arguments
and proposed that coherence-induced suppression of radia-
tive recombination, analogous to that in photosynthetic reac-
tion centers, could be exploited to enhance solar-cell perfor-
mance. In such designs, coherent interference between exci-
tonic and CT pathways can reduce loss channels that would
otherwise limit conversion efficiency. Brédas et al. [76] fur-
ther argued that several coherence-related effects, including
supertransfer, exchange narrowing, and biased transport in
moderately disordered media, can jointly improve exciton
diffusion and interfacial charge generation. These studies
translate into concrete device guidelines: materials should
exhibit small reorganization energies and low Stokes shifts
to preserve delocalization and spectral overlap, while donor-
acceptor interfaces should remain sufficiently ordered and
weakly coupled to support rapid charge separation without
enhancing back recombination. In this sense, quantum co-
herent device design requires the co-optimization of material
choice, energy-level structure, intermolecular coupling, and
environmental spectral properties.

Beyond molecular-scale energy-conversion devices,
photosynthesis-inspired coherence principles have also been
extended to larger photonic architectures. Yao and Ai [77]
showed that the combination of an energy-level gradient
and noise-assisted directionality, both reminiscent of natural
light-harvesting systems, can be implemented in coupled-
resonator arrays to realize nonreciprocal light transport. In
their design, a frequency gradient between neighboring cav-
ities, together with coupling to a thermal environment, leads
to strongly asymmetric transmission even in the absence of
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magnetic fields or time-dependent modulation. This result
highlights that the influence of photosynthetic quantum co-
herence is not limited to photovoltaics, but can also inspire
the design of quantum optical and energy-routing devices
that exploit nonequilibrium environments in a constructive
way.

These studies show that the relevance of photosynthe-
sis to quantum coherent devices mainly comes from coher-
ent mechanisms in energy transport and charge separation.
Bright and dark state dynamics can enhance light absorption
while reducing radiative loss. Vibronic coupling among exci-
ton states, CT states, and vibrational modes can support more
efficient charge separation pathways. Coherence-assisted
pathway selection and energy-level alignment can also help
guide energy toward useful output channels. Taken together,
these mechanisms provide clear design ideas from natu-
ral photosynthesis for artificial light-harvesting and energy-
conversion devices.

3 Quantum effects in migratory avian navigation

3.1 Quantum coherence phenomena in migratory avian

navigation

Magnetoreception is the ability of certain migratory species
to navigate using the Earth’s magnetic field [78-82].
Wiltschko et al. [78] proposed a mechanism based on mag-
netite, suggesting that the magnetite in the bird’s beak gen-
erates a physical torque in the magnetic field and transmits
polarity or intensity information to the brain via the trigemi-
nal nerve.

Qin et al. [83], Guo et al. [84], and Zhou et al. [85] identi-
fied the animal magnetosensory receptor gene magnetorecep-
tor (MagR) and showed that MagR forms rod-like core struc-
tures by polymerizing in a magnetic field. In their model,
cryptochromes form a light-magnetic coupled complex with
intrinsic magnetism that can recognize and respond to ex-
ternal magnetic fields. They further proposed a biocompass
structure in which MagR polymerizes into a rod-like core he-
lically wrapped by cryptochrome.

However, the European robin’s magnetoreception system
functions as an inclination compass, which is insensitive to
field polarity, whereas most magnetite-based compass mod-
els respond to polarity. Some studies have shown that their
navigation relies on photoreceptors [78, 80]. Ritz et al. [82]
exposed migratory robins to both the static geomagnetic field
and a radio-frequency oscillating field tuned to the radical-
pair hyperfine splitting. They found that when the oscillating
field was perpendicular to the geomagnetic field, the birds
lost their orientation, but when the two fields were parallel,



R.-H. Chen, et al.

orientation was restored, demonstrating a resonance effect.
In addition, Wiltschko et al. [78, 81] showed that this mag-
netoreception is highly sensitive to changes in field strength
and frequency.

Quantum coherence phenomena in migratory bird navi-
gation involve coherent interconversion between singlet and
triplet states mediated by the nuclear spin environment. The
directional dependence of geomagnetic signals influences the
chemical reaction rates, while quantum phase transitions in
the nuclear spin environment enhance navigational sensitiv-
ity [28,86-93].

Magnetoreception denotes the ability of certain migratory
taxa to navigate by referring to the Earth’s magnetic field
[2]. Schulten et al. [94] proposed the RPM to explain the
light-dependent nature of magnetoreception. A schematic of
the RPM is shown in Figure 2. The standard radical-pair
model explains how two bonded molecules, each carrying
an unpaired electron, form through a light-activated reaction
and enter spin-correlated states as either singlets or triplets.
In the presence of the Earth’s weak magnetic field and mi-
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nor interactions with nearby atomic nuclei, these spin states
evolve, switching between singlet and triplet configurations.
Because the rate at which each radical pair recombines de-
pends on its spin state, the process yields different chemical
products. Organisms can sense these products, and since the
relative proportions of singlet and triplet outcomes depend
on the alignment of the external magnetic field, the pattern
of reaction products conveys directional information, effec-
tively acting as a magnetic compass.

Notably, Kominis [95] was the first to systematically re-
construct the dynamical description of the RPM from the
perspective of open quantum systems theory, explicitly ar-
guing that radical-ion-pair reactions should not be regarded
merely as conventional spin chemical processes, but rather
as open quantum systems jointly governed by environmental
coupling, continuous quantum measurement, and nonunitary
evolution. He showed that although the phenomenologi-
cal master equations widely adopted in earlier studies were
able to describe the formation of singlet and triplet prod-
ucts within a limited range, these approaches treated spin-
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Figure 2 (Color online) The avian quantum compass. The radical pair mechanism for avian magnetoreception accounted for many behavioural observations
in several migrating bird species. The main features of the proposed model relied on quantum mechanics, and the model may be viewed as a biological
implementation of quantum spin dynamics. (a) A diagram of the radical pair mechanism for magnetoreception that could have been used by European robins
and other species. It was proposed to occur within cryptochromes in the retina and proceeded in three steps. First, light drove electron transfer from a donor to
an acceptor to create a radical pair. (b) and (c) Second, the singlet and triplet electron spin states interconverted due to external Zeeman and internal hyperfine
magnetic couplings. (d) Third, singlet and triplet radical pairs recombined into singlet and triplet products, which were biologically detectable. (e) The singlet
yield as a function of the external field angle 6 in the presence of an oscillatory field. The blue top curve showed the yield for a static geomagnetic field with
By = 47 uT, and the red curves showed the singlet yield when a 150 nT field oscillating at 1.316 MHz was applied perpendicular to the static field. The
sensitivity of the compass was the difference in the yield between 6 = 0 and # = 7t/2. A clear change in this sensitivity appeared once «, the radical decay
rate, reached about 10* s!. (f) The singlet yield as a function of the magnetic field angle  for different noise strengths. The blue curve showed the optimal
case without noise with x = 10* s~ The red curves showed that a general noise rate I' > 0.1« reduced the sensitivity. These results together indicated that the
electron spin state required a very long coherence time. Figure adapted with permission of refs. [2,28].
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selective recombination essentially as a continuous popula-
tion loss process. As a result, these approaches obscured
the genuine quantum coherence and measurement back ac-
tion inherent in the system and were therefore unable to ac-
count satisfactorily for the increasingly complex magnetic
field responses observed experimentally. On the basis of this
insight, Kominis further proposed that singlet and triplet re-
combination in radical pairs should be understood fundamen-
tally as continuous quantum measurements of the electron
spin state. In this picture, the recombination channels are not
merely dissipative outlets, but instead act through selective
coupling to probe whether the system occupies the singlet or
triplet manifold, which implies that the evolution of radical-
ion pairs should be treated within a unified framework com-
bining open quantum systems theory and quantum measure-
ment theory. This work subsequently stimulated broad in-
terest in investigating the RPM from the perspective of open
quantum systems.

In 2020, Kominis [96] introduced the quantum relative en-
tropy approach from the resource theory of quantum informa-
tion into the RPM and systematically proposed and analyzed
a formal quantification scheme for singlet-triplet coherence
in radical pair systems. Although previous studies [97, 98]
had already recognized the important role of singlet-triplet
coherence in biological magnetoreception and had proposed
several empirical measures of coherence, those earlier defini-
tions still suffered from deficiencies in formal rigor, normal-
ization, and physical intuitiveness, and therefore could not
yet be regarded as a formal quantification tool in the strict
sense. On this basis, he defined the quantum relative entropy
between the radical pair density matrix and its block diago-
nal form in the singlet and triplet subspaces as a measure of
singlet-triplet coherence, thereby providing the first system-
atic and formal quantification of singlet-triplet coherence in
the radical pair mechanism in the sense of quantum resource
theory.

Furthermore, in 2025, Kominis [99] proposed a new
scheme for quantifying singlet and triplet coherence in rad-
ical pair systems, and on this basis discussed how quantum
coherence may leave observable signatures at the biochemi-
cal and physiological levels. Unlike earlier studies that relied
only on empirical descriptions or on general global coher-
ence, this work focused explicitly on the singlet and triplet
subspaces that are most physically meaningful in radical pair
reactions, and used Wigner-Yanase information to construct
a formal measure of singlet-triplet coherence, thereby pro-
viding a new quantitative tool for this type of coherence.

Xie [100] has identified, through structural modeling, a
long-range intermolecular electron transfer chain within the
MagR and cryptochrome protein complex, and has proposed
that animal magnetosensing and biological navigation may
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be unified by integrating the radical-pair model with the
biocompass via spin-dependent electron transport that
couples electron spin states with intermolecular electron
transfer.

There is an identifiable neural basis in pigeons for process-
ing magnetic information. Wu and Dickman [101] placed
awake, head-fixed pigeons in total darkness inside a three-
dimensional coil system. They then varied the magnetic field
direction and strength step by step and recorded neuronal fir-
ing. Their results show that neurons in the vestibular nu-
clei respond directly to the geomagnetic vector. This pro-
vides experimental evidence for how birds process magnetic
cues. Earlier work proposed [102] that pigeon magnetore-
ception relied on magnetite deposits in the beak. However, a
recent detailed study [79] found that these deposits are actu-
ally macrophages and do not contribute to magnetoreception.
These findings do not undermine the radical-pair model. Pi-
geon magnetoreception is clearly polarity-sensitive, and the
RPM can fully explain that feature.

There has been extensive research on the RPM [28,86,101,
103-110]. Gauger et al. [28] used the simplest model to de-
scribe two electron spins that started in a singlet state, where
one electron had an anisotropic hyperfine coupling with a nu-
clear spin. The geomagnetic field caused interconversion be-
tween the singlet state and the triplet state, and spin-selective
recombination produced distinguishable chemical products.
They computed the dependence of the singlet yield on the
direction of the external magnetic field, as shown in Figure
2(e), and found that a weak radio frequency field that dis-
rupted orientation implied that the reaction rate of the radi-
cal pair did not exceed about 10* s~!. Therefore, the radical
pair coherence time was required to be at least tens to hun-
dreds of microseconds. As shown in Figure 2(f), when the
environmental noise rate exceeded about 0.1k, the angular
contrast of the singlet yield dropped markedly, empha-
sizing that sustained long coherence and entanglement
are key to maintaining the sensitivity of the singlet
and triplet yields to the geomagnetic direction and thus
to realizing navigation.

In recent years, many studies have focused on the sensitiv-
ity of radical pair reactions to weak magnetic fields. Wood-
ward et al. [106] studied the pyrene anion and dimethylani-
line cation radical pair in solution, measuring changes in the
singlet state electron-hole recombination yield under radio
frequency magnetic fields from 1 to 80 MHz. They found that
different deuterated isotopomers produced distinct spectra
and proposed a calculation method based on hyperfine cou-
pling and perturbation theory, which successfully explained
the observed magnetic field and isotope effects. Maeda et
al. [104] carried out experiments in frozen liquid crystal and
with photoselection, using a carotenoid porphyrin fullerene
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triad to demonstrate anisotropic changes in radical-pair life-
times under the geomagnetic field strength of about 50 uT.
They showed that weak static magnetic fields can alter rad-
ical pair kinetics and respond selectively to field direction,
providing strong evidence for the chemical compass model.

Ritz et al. [86] found that cryptochrome can transfer an
electron to a nearby molecule. This process forms an entan-
gled radical pair. Hyperfine interactions inside the molecule
link the electron spin and nuclear spins. This makes the pair
very sensitive to external magnetic fields. When the field’s
direction or strength changes, the conversion rate between
spin states also changes. This change alters the yield of the
reaction products. Cai et al. [107] used numerical and ana-
lytic methods to study how the hyperfine coupling strength of
a single nuclear spin affects magnetic sensitivity. They found
that a highly directional but weak coupling works best. For a
realistic radical pair lifetime, this coupling yields the highest
sensitivity.

In addition, Smith et al. [111] focused on possible radical
pairs in cryptochrome consisting of a flavin anion radical and
either a tryptophan or tyrosine radical, and examined the re-
lation between magnetic-field directional sensitivity and dif-
ferent coherence measures in realistic large systems with up
to twenty-one nuclear spins. They used the master equation
for spin-selective radical pair recombination as the theoret-
ical basis. Under the assumptions that inter-radical inter-
actions and spin relaxation were neglected, they performed
large-scale numerical calculations over many relative radical
orientations and compared the ability of electronic coherence
and global coherence to explain compass fidelity. The results
showed that when only coherence in the electronic subsystem
was considered, the relation between electronic coherence
and magnetic sensitivity was not stable in either the singlet-
triplet basis or the up-down spin basis, and in many models
even showed a strong negative correlation. This means that
electronic coherence is neither a sufficient index for evaluat-
ing compass performance nor an adequate basis for explain-
ing the quantum resource by itself. In contrast, global coher-
ence obtained by treating the electronic and nuclear spins as
a whole showed a robust and strong positive correlation with
compass anisotropy. This finding indicates that nuclear co-
herence and electron-nuclear coupled coherence play a cen-
tral and unavoidable role in magnetoreception. This work
supports the view that global coherence is the true quantum
resource of avian magnetoreception in models that are closer
to physiological conditions and molecular complexity. It also
shows that natural systems do not optimize function simply
by extending the lifetime of electronic coherence, but by co-
ordinating radical pair lifetime, hyperfine coupling structure,
reaction pathways, and overall spin dynamics to achieve high
sensitivity to the geomagnetic field.
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3.2 Applications of quantum simulation in migratory

avian navigation

Applications of quantum simulation in avian navigation in-
clude NMR-based quantum simulations [26, 37], supercon-
ducting quantum circuit-based quantum simulations [37],
and trapped-ion and cavity-QED platform-based quantum
simulations that realize critical-spin environments relevant to
radical-pair dynamics [38].

For avian magnetoreception, quantum simulation focuses
more on radical pair dynamics, singlet-triplet interconver-
sion, magnetic field-dependent yields, and environmental ef-
fects. NMR systems and related spin simulation methods
are suitable for realizing effective spin Hamiltonians and for
studying the dependence of singlet-triplet dynamics and re-
action yield on magnetic field direction. Their limitations are
scalability and single-shot measurement. Superconducting
circuits and digital quantum circuits have strong programma-
bility and are suitable for simulating Lindblad-type open-
system dynamics and spin-selective recombination. They
can map radical pair dynamics to quantum circuits and ob-
tain singlet and triplet yields through measurement. How-
ever, hardware noise and circuit depth can still affect the
simulation accuracy. Cavity QED platforms can provide a
tunable collective spin environment and are therefore use-
ful for studying critical spin environments, noise effects, and
dynamical phase transitions. However, such platforms are
usually more suitable for studying model collective spin dy-
namics than for directly reproducing a full biological radical
pair reaction. This comparison helps readers understand the
differences among these platforms in coherence time, system
scalability, and environmental noise tuning, and also shows
which types of biological quantum dynamics each platform
is best suited to simulate.

Cai et al. [26] performed a broad-sense quantum simula-
tion of the RPM for avian magnetoreception. They specified
a spin Hamiltonian including external magnetic fields and
isotropic hyperfine interactions, combined it with an expo-
nential re-encounter probability in a reaction-recombination
model, and evolved the full electron-nuclear spin dynamics
using a Chebyshev expansion. This framework allowed them
to compute the singlet yield @, the magnetic-field sensitiv-
ity A, and the angular dependence ®(6). Building on this
framework, they incorporated quantum-control pulses into
the Hamiltonian to assess their impact. They found that pe-
riodic 7t pulses along the field suppressed S-T mixing and
markedly reduced sensitivity. When the field direction was
periodically flipped, which degraded the compass function,
synchronized X-axis 7t pulses restored performance. They
also showed that an initial 7t/2 pulse could distinguish an en-
tangled singlet from a classically correlated mixed state. A
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comparison between Py-DMA and FADH®™-O3" further in-
dicated that, in the former, entanglement correlated with sen-
sitivity and served as a dynamical fingerprint, whereas in the
latter, entanglement was short-lived and not essential. More-
over, they predicted that suitable control pulses could induce
angular dependence even without a static field, suggesting
feasible routes for in vitro spin chemistry or behavioral tests
of the mechanism and informing the design of bioinspired
weak-magnetic sensing.

Keens et al. [112] have shown that in a three-spin sys-
tem, electron dipole coupling alone produced strong weak-
field effects even without nuclear hyperfine interaction. The
mechanism was that dipole coupling, together with an ex-
ternal magnetic field, broke the conservation laws and sym-
metries present in two-spin RPM systems. The field further
lifted Kramers degeneracy and caused level crossings or an-
ticrossings, which led to strong directional anisotropy and
sharp peaks in the reaction yield. These features are tunable
by geometry and exchange coupling. This shifted the under-
standing of the origin of magnetosensitivity from nuclear hy-
perfine effects to multi-spin electron interactions and there-
fore provided a basis for a biomimetic compass that does not
rely on a nuclear bath.

Alvarez et al. [113] proposed to map the coherent spin
evolution of radical pairs onto a digital quantum comput-
ing platform. They studied a prototypical model with two
electron spins and one hyperfine-coupled nuclear spin. They
used Trotter decomposition to write the Hamiltonian evolu-
tion as a sequence of quantum gates that can be implemented
in gate-based quantum circuits. Under the condition of sym-
metric recombination rates, they incorporated the nonunitary
reaction loss into the signal calculation through exponential
decay in postprocessing. This work showed that, in the noise-
less case, a small number of Trotter steps could already re-
produce the singlet yield and its angular dependence, which
are the most relevant quantities in experiments, and could
also remain consistent with the master equation method.
They further examined the effect of realistic quantum hard-
ware noise models on the results. They found that noise re-
duces the signal amplitude and weakens the anisotropy, but
the overall shape of the angular response can still be pre-
served after proper rescaling. This work provides a simple
and direct starting point for the digital quantum simulation
of the RPM.

On the experimental side, Muniz et al. [38] realized
LMG dynamics and a tunable dynamical phase transition
with nearly one million strontium atoms in an optical cavity.
This platform offers a mature hardware system that can act
as an LMG-type environment and, in turn, supports a testable
quantum simulation scheme for bio-inspired weak magnetic
sensing.
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In parallel with these model-driven and hardware-ready
advances, Zhang et al. [37] directly studied the open-system
dynamics of the RPM using a general quantum algorithm.
They mapped the Lindblad master equation into a quan-
tum circuit by applying the Sz.-Nagy unitary dilation, which
embeds nonunitary evolution into unitary operations imple-
mentable on a circuit. To represent spin-selective relaxation
from the electronic singlet and triplet states into product
states, they introduced eight projection operators and two
shelving states, so that the final singlet and triplet yields
could be obtained from the occupations of the shelving states.
The system Hamiltonian included two electron spins, one
nuclear spin, an anisotropic hyperfine tensor, and an exter-
nal magnetic field with tunable direction and strength, with
the initial state chosen as an electronic singlet and a maxi-
mally mixed nuclear spin. The algorithm applied the nonuni-
tary part as a sequence of Kraus operators at each time
step, while the unitary part was implemented by diagonal-
izing the Hamiltonian and applying the corresponding uni-
tary. Each Kraus operator was realized through its unitary
dilation, and projection measurements on the computational
subspace at each time step yielded the diagonal elements
of the density matrix. These quantities were accumulated
to obtain the steady-state singlet and triplet yields and their
angular dependence. Simulations on the IBM QASM sim-
ulator with geomagnetic-scale fields and typical hyperfine
strengths showed excellent agreement with classical calcula-
tions in both angular dependence and time evolution. Over-
all, this work reproduced the singlet and triplet yield dynam-
ics and the angular dependence of the avian compass model
under the Lindblad framework, providing a verifiable techni-
cal route for applying quantum computing to biomagnetore-
ception.

Quantum simulation provides a testable and scalable way
to study the avian navigation mechanism. It can reproduce
spin interactions and environmental effects that are difficult
to isolate in experiments. It also allows key quantities such
as magnetic-field direction dependence and sensitivity to be
assessed. With programmable circuits and tunable physical
platforms, it maps open system dynamics to observables and
thus enables validation of the core processes of the chemical
compass. It also lays the groundwork for designing quantum
coherent devices for weak-field sensing.

3.3 Quantum devices

Avian magnetoreception has inspired a series of design
strategies for quantum coherent devices, especially for
weak-field sensing, directional detection, and noise-assisted
metrology [26-28, 39, 40, 89, 114-116]. Rather than merely
reproducing the spin dynamics of the RPM, these studies
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have progressively translated biologically motivated prin-
ciples into implementable concepts for artificial quantum
In this context, controllable singlet-triplet inter-
conversion, engineered anisotropy, selective environmental
coupling, and coherence-assisted signal amplification have
emerged as central ideas for device design.

In 2010, Cai et al. [26] introduced quantum control into
the radical pair reaction and showed that properly designed
control pulses can suppress, recover, or reshape the response
of a chemical compass by regulating singlet-triplet dynamics.
Their results indicate that quantum control is not only a di-
agnostic tool for probing the RPM, but also a practical route
for device-level functionality. Pulse sequences can be used
to switch magnetic sensitivity on or off, enhance angular se-
lectivity, and reduce background responses under oscillating
or even vanishing static magnetic fields. From the perspec-
tive of quantum coherent devices, this work establishes pro-
grammable spin control and initial-state engineering as effec-
tive handles for tuning sensitivity, selectivity, and robustness
in weak-field sensing architectures.

Building on this foundation, Cai [27] proposed a con-
trollable strong magnetic field gradient to enhance the di-
rectional sensitivity of a chemical compass by creating a
large local field at one radical while keeping the other near
zero. In this design, one radical experiences a large effec-
tive local field while the other remains close to the ambi-
ent field, thereby generating a strong and controllable direc-
tional contrast without requiring complicated intrinsic hyper-
fine anisotropy. For device engineering, this is a particularly
attractive idea because it turns anisotropy from a fixed molec-
ular property into a tunable structural resource. It therefore
suggests a practical route toward hybrid quantum sensors
in which local magnetic nanostructures, oriented molecular
frameworks, or engineered spin environments are integrated
to boost field sensitivity.

Recent work has further shown that optimal control meth-
ods can be used to tailor spin-selective reaction outcomes in
realistic low-field regimes. Chowdhury et al. [115] devel-
oped a globally optimal control framework for radical pair re-
action yields. They extended the traditional GRAPE method
to the control of spin-selective recombination reactions un-
der low magnetic field conditions. In this way, they provide a
scalable optimization framework for shaping target response
functions in complex open spin systems. This makes it pos-
sible to move from qualitative mechanism-inspired models
toward quantitatively engineered sensor protocols, in which
control waveforms are designed to maximize sensitivity, con-
trast, or selectivity under realistic decoherence and recombi-
nation conditions.

SE€Nnsors.

Another major lesson from avian navigation is that envi-
ronmental noise need not be purely detrimental. When ap-
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propriately structured, it can become a functional resource.
Xiao et al. [40] proposed that local magnetic field fluctua-
tions (magnetic noise) generated by magnetic proteins drive
singlet-triplet interconversion of a radical pair and enhance
directional sensitivity to the geomagnetic field, provided that
resonance and triplet nondegeneracy conditions were met. A
structured noisy environment can be engineered to activate
otherwise weak spin-conversion channels and to improve di-
rectional discrimination. In this sense, the surrounding spin
bath or magnetic environment becomes part of the device ar-
chitecture rather than an uncontrollable source of degrada-
tion. Subsequent high-accuracy treatments of related spin-
bath dynamics further support the view that sensitivity can
remain high under decohering conditions when the environ-
mental spectrum is properly matched to the relevant transi-
tion frequencies [117].

In addition, at the conceptual level, in 2025, Kominis and
Gkoudinakis [116] systematically introduced the energy res-
olution limit from quantum sensing into the study of animal
magnetoreception and, on this basis, established an analytical
framework that allows a unified comparison of the quantum-
ness of different magnetoreception mechanisms. Taking the
RPM, the magnetite mechanism, and the MagR mechanism
as examples, they combined three core parameters, namely
magnetic sensitivity, sensing volume, and measurement time,
to quantitatively evaluate how close these mechanisms are to
the quantum limit. This work not only provides a new cri-
terion for understanding the quantumness of animal magne-
toreception but also offers an instructive theoretical basis for
the design of biomimetic magnetic sensors. Although formu-
lated in the biological context, this framework is also valu-
able for device research because it connects magnetic sensi-
tivity, sensing volume, and interrogation time within a unified
performance metric. As a result, it offers a useful benchmark
for evaluating how closely biomimetic magnetic sensors ap-
proach fundamental quantum limits.

The link between avian magnetoreception and quantum
coherent devices mainly comes from the spin-dependent re-
sponse in radical pair dynamics. By tuning singlet-triplet
dynamics, one can change the response of the system to
weak magnetic fields. Molecular orientation, hyperfine struc-
ture, and local magnetic field gradients can enhance the
anisotropic response and make the system more sensitive
to the field direction. The magnetic-noise mechanism dis-
cussed above is mainly associated with avian magnetorecep-
tion. Under resonance and triplet non-degeneracy conditions,
local magnetic field fluctuations can promote singlet-triplet
interconversion and enhance directional sensitivity. For prac-
tical device design, these mechanisms still need to be as-
sessed through quantities such as sensitivity, response time,
and sensing volume.
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Overall, research inspired by avian navigation is gradu-
ally establishing a design framework for quantum coherent
sensing devices. Instead of treating the RPM solely as a bi-
ological phenomenon to be simulated, recent work has ex-
tracted from it a set of implementable strategies, including
programmable spin control, engineered anisotropy, noise-
assisted coherence management, and performance bench-
marking near quantum limits. These advances provide a re-
alistic path from biological inspiration to the realization of
highly sensitive, directional, and controllable quantum co-
herent sensors.

4 Conclusion

Overall, quantum effects have broad applications in biolog-
ical systems. In photosynthesis, energy transfer can occur
with remarkably high efficiency. Migratory birds have a
light-dependent magnetic compass that can detect the direc-
tion of the Earth’s magnetic field with high precision. Effec-
tive simulation of quantum effects in biological systems and
their translation into quantum coherent devices may enable
advances in efficient energy use and high-precision quantum
sensing.

In this review, we first introduce several theories used to
study photosynthesis, such as Forster theory and Modified
Redfield theory [4-7]. Within their respective regimes of va-
lidity, these methods provide useful descriptions of energy
transfer between molecules. We then describe the devel-
opment of 2DES. 2DES has played a key role in research
on photosynthesis. It can reveal the coupling structure, en-
ergy transfer pathways, and quantum coherence in pigment-
protein complexes, and thus provides experimental tools for
studying quantum effects in photosynthesis. Using 2DES,
researchers have shown how the protein environment pre-
serves quantum coherence and optimizes energy transfer ef-
ficiency. They have observed electronic quantum coherence
and revealed its key role in efficient energy transfer during
photosynthesis. These theoretical and experimental advances
lay the groundwork for artificial high-efficiency solar-energy
conversion and the development of quantum coherent de-
vices.

At the same time, quantum simulation has provided a
controllable and computationally efficient route for study-
ing photosynthetic dynamics on platforms such as NMR sys-
tems, superconducting circuits, and trapped ions. Across
these platforms, quantum simulations of photosynthetic sys-
tems have reproduced coherent oscillations consistent with
benchmark calculations such as HEOM, while reducing the
cost of directly treating complex open-system dynamics. In-
spired by these findings, researchers have begun to use quan-
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tum coherence to build devices that achieve efficient energy
transfer. Creatore et al. [39] showed that a design that uses
exciton coherence can increase photocurrent and maximum
power output compared with uncoupled pigments. Alharbi
and Kais [75] used a coherence-based recombination sup-
pression mechanism from the photosynthetic reaction cen-
ter. Their simulations indicate that “quantum coherent” so-
lar cells could exceed the Shockley-Queisser limit by sev-
eral tens of percent. Brédas et al. [76] suggested using low
Stokes shift dyes, such as phthalocyanines and squaraines, in
organic photovoltaics. In addition, Yao and Ai [77] applied
the concept of a photosynthetic energy level gradient together
with noise-assisted directionality to coupled resonator arrays,
achieving highly unidirectional energy transfer in an isother-
mal and noisy environment. A growing body of theory and
experiment shows that introducing quantum coherence into
artificial systems can greatly enhance energy transfer effi-
ciency, opening a path to quantum engineering methods for
solar energy conversion and light harvesting technologies.

We next introduce quantum coherence in animal naviga-
tion that uses the geomagnetic field. Researchers usually
explain animal navigation with mechanisms based on mag-
netite, MagR genes, and cryptochromes. Schulten et al.
[94] proposed the RPM to explain the light-dependent nature
of magnetoreception. Radical pairs created by photoexcita-
tion are initially in a quantum superposition of singlet and
triplet states, and the spins of the two unpaired electrons are
quantum coherently coupled. The geomagnetic field mod-
ulates singlet-to-triplet coherent oscillations and interconver-
sion rates through the Zeeman interaction and anisotropic hy-
perfine interactions.

Similarly, quantum simulation provides a useful approach
for studying radical-pair dynamics relevant to animal magne-
toreception. NMR and superconducting platforms have been
used to simulate spin dynamics and reaction yields in radical-
pair models, while cavity-QED platforms provide tunable
collective spin environments for studying related noise and
critical-dynamics effects. Inspired by animal navigation, re-
searchers use the RPM to build high-precision chemical com-
passes. Cai [27] proposed a controllable strong magnetic
field gradient that enhances directional sensitivity by creat-
ing a large local field at one site while keeping the other near
zero. Xiao et al. [40] showed that, as long as resonance and
triplet nondegeneracy hold, local magnetic field fluctuations
generated by magnetic proteins, that is, magnetic noise, can
drive singlet-to-triplet interconversion in radical pairs and
enhance sensitivity to the geomagnetic field, indicating that
magnetic noise can increase metrological precision.

These studies have shown the connection among quantum
biology, quantum simulation, and quantum coherent devices,
but several issues still need further study. For photosynthesis,
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future work should more clearly distinguish the roles of elec-
tronic coherence, vibrational coherence, and vibronic cou-
pling in EET, and determine whether these coherent effects
can provide a real functional advantage under physiological
conditions. For avian magnetoreception, it remains important
to clarify how radical pair dynamics, spin relaxation, mag-
netic noise, and biological environments jointly affect direc-
tional sensitivity. In quantum simulation, many current stud-
ies still focus on small-scale models, and future work needs
to move toward larger photosynthetic pigment networks and
more realistic radical pair models. For quantum coherent de-
vices, the key question is whether these bioinspired mech-
anisms can lead to measurable improvements on practical
platforms, such as higher efficiency, better robustness, and
stronger scalability.

In summary, a growing number of studies have shown that
quantum simulation provides an efficient and powerful ap-
proach for investigating quantum coherence effects in bio-
logical systems. At the same time, quantum coherent devices
inspired by photosynthetic energy transfer and avian magne-
toreception offer a feasible route toward more efficient energy
utilization and high-precision sensing. These advances not
only deepen our understanding of quantum biology, but also
promote the development of bioinspired quantum technolo-
gies. Nevertheless, ongoing debates over the origin, lifetime,
and functional role of quantum coherence in biological sys-
tems highlight the need for more accurate theoretical models,
more direct experimental evidence, and more scalable quan-
tum simulation platforms.
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