
On the face of it, quantum effects and living organisms seem 
to occupy utterly different realms. The former are usually 
observed only on the nanometre scale, surrounded by hard 

vacuum, ultra-low temperatures and a tightly controlled laboratory 
environment. The latter inhabit a macroscopic world that is warm, 
messy and anything but controlled. A quantum phenomenon such as 
‘coherence’, in which the wave patterns of every part of a system stay in 
step, wouldn’t last a microsecond in the tumultuous realm of the cell. 

Or so everyone thought. But discoveries in recent years suggest that 
nature knows a few tricks that physicists don’t: coherent quantum pro-
cesses may well be ubiquitous in the natural world. Known or suspected 
examples range from the ability of birds to navigate using Earth’s mag-
netic field to the inner workings of photosynthesis — the process by 
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which plants and bacteria turn sunlight, carbon dioxide and water into 
organic matter, and arguably the most important biochemical reaction 
on Earth.

Biology has a knack for using what works, says Seth Lloyd, a physicist 
at the Massachusetts Institute of Technology in Cambridge. And if that 
means “quantum hanky-panky”, he says, “then quantum hanky-panky it 
is”. Some researchers have even begun to talk of an emerging discipline 
called quantum biology, arguing that quantum effects are a vital, if rare, 
ingredient of the way nature works. And laboratory physicists interested 
in practical technology are paying close attention. “We hope to be able 
to learn from the quantum proficiency of these biological systems,” says 
Lloyd. A better understanding of how quantum effects are maintained 
in living organisms could help researchers to achieve the elusive goal of 
quantum computation, he says. “Or perhaps we can make better energy-
storage devices or better organic solar cells.”

ENERGY ROUTEFINDER
Researchers have long suspected that something unusual is afoot in 
photosynthesis. Particles of light called photons, streaming down from 
the Sun, arrive randomly at the chlorophyll molecules and other light-
absorbing ‘antenna’ pigments that cluster inside the cells of every leaf, 
and within every photosynthetic bacterium. But once the photons’ 
energy is deposited, it doesn’t stay random. Somehow, it gets chan-
nelled into a steady flow towards the cell’s photosynthetic reaction 
centre, which can then use it at maximum efficiency to convert carbon 
dioxide into sugars. 

Since the 1930s, scientists have recognized that this journey must be 
described by quantum mechanics, which holds that particles such as 
electrons will often act like waves. Photons hitting an antenna molecule 
will kick up ripples of energized electrons — excitons — like a rock 
splashing water from a puddle. These excitons then pass from one mol-
ecule to the next until they reach the reaction centre. But is their path 
made up of random, undirected hops, as researchers initially assumed? 
Or could their motion be more organized? Some modern researchers 
have pointed out that the excitons could be coherent, with their waves 
extending to more than one molecule while staying in step and reinforc-
ing one another.

If so, there is a striking corollary. Coherent quantum waves can exist 
in two or more states at the same time, so coherent excitons would be 
able to move through the forest of antenna molecules by two or more 
routes at once. In fact, they could simultaneously explore a multitude 
of possible options, and automatically select the most efficient path to 
the reaction centre.

Four years ago, two teams working under Graham Fleming, a 
chemist at the University of California, Berkeley, were able to obtain 
experimental proof to back up this hypothesis (See ‘Quantum fact 
meets fiction’). One team used a string of very short laser pulses to 
probe the photo synthetic apparatus of the green sulphur bacterium 
Chlorobium tepidium1. The researchers had to chill their samples to 
77 K with liquid nitrogen, but the data from their laser probes showed 
clear evidence of coherent exciton states. The second team carried out 
a similar study of the purple bacterium Rhodobacter sphaeroides2, and 
found much the same electronic coherence operating at temperatures 
up to 180 K. 

In 2010, researchers from the first group published evidence of quan-
tum coherence in their bacterial complex at ambient temperatures3 — 
showing that coherence is not just an artefact of cryogenic laboratory 
conditions, but might actually be important to photosynthesis in the 
real world. Around the same time, a team led by Gregory Scholes, a 

chemist at the University of Toronto in Canada, 
also reported coherence effects at ambient tem-
peratures4 — this time not in bacteria, but in 
photo synthetic cryptophyte algae, evolutionarily 
distinct organisms that are more closely related 
to plants and animals, and that use completely 

different light-absorbing chemical groups. 
But how can quantum coherence last long enough to be useful in 

photosynthesis? Most physicists would have assumed that, at ambient 
temperatures, the surrounding molecular chaos in the cell destroys the 
coherence almost instantly. 

Computer simulations carried out by Lloyd and some of his col-
leagues suggest an answer: random noise in the environment might 
actually enhance the efficiency of the energy transfer in photosynthesis 
rather than degrade it5. It turns out that an exciton can sometimes get 
trapped on particular sites in the photosynthetic chain, but simulations 
suggest that environmental noise can shake it loose gently enough to 
avoid destroying its coherence. In effect, says Lloyd, “the environment 
frees up the exciton and allows it to get to where it’s going”.

Photosynthesis is not the only example of quantum effects in nature. 
For instance, researchers have known for several years that in some 
enzyme-catalysed reactions6, protons move from one molecule to 
another by the quantum-mechanical phenomenon of tunnelling, in 
which a particle passes through an energy barrier rather than having 

to muster the energy 
to climb over it. And 
a controversial theory 
of olfaction claims that 
smell comes from the 
biochemical sensing of 
molecular vibrations — 
a process that involves 

electron tunnelling between the molecule responsible for the odour 
and the receptor where it binds in the nose7. 

Are such examples widespread enough to justify a whole new dis-
cipline, though? Robert Blankenship, a photosynthesis researcher at 
Washington University in St Louis, Missouri, and a co-author with 
Fleming on the C. tepidium paper, admits to some scepticism. “My 
sense is that there may well be a few cases, like the ones we know about 
already, where these effects are important,” he says, “but that many, 
if not most, biological systems will not utilize quantum effects like 
these.” But Scholes believes that there are grounds for optimism, given 
a suitably broad definition of quantum biology. “I do think there are 
other examples in biology where an understanding at the quantum-
mechanical level will help us to appreciate more deeply how the process 
works,” he says.

THE BIRD’S-EYE COMPASS
One long-standing biological puzzle that might be explained by exotic 
quantum effects is how some birds are able to navigate by sensing Earth’s 
magnetic field. 

The avian magnetic sensor is known to be activated by light striking 
the bird’s retina. Researchers’ current best guess at a mechanism is that 
the energy deposited by each incoming photon creates a pair of free 
radicals8 — highly reactive molecules, each with an unpaired electron. 
Each of these unpaired electrons has an intrinsic angular momentum, or 
spin, that can be reoriented by a magnetic field. As the radicals separate, 
the unpaired electron on one is primarily influenced by the magnetism 
of a nearby atomic nucleus, whereas the unpaired electron on the other 
is further away from the nucleus, and feels only Earth’s magnetic field. 
The difference in the fields shifts the radical pair between two quantum 
states with differing chemical reactivity. 

“One version of the idea would be that some chemical is synthesized” 
in the bird’s retinal cells when the system is in one state, but not when 
it’s in the other, says Simon Benjamin, a physicist at the University of 
Oxford, UK. “Its concentration reflects Earth’s field orientation.” The 
feasibility of this idea was demonstrated in 2008 in an artificial photo-
chemical reaction, in which magnetic fields affected the lifetime of a 
radical pair9.

Benjamin and his co-workers have proposed that the two unpaired 
electrons, being created by the absorption of a single photon, exist in 
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“How your average leaf transfers energy 
from one molecular system to another 
is nothing short of a miracle … Quantum 
coherence is key to the efficiency, you 
see, with the system sampling all the 
energy pathways at once. And the way 
nanotechnology is heading, we could 
copy this with the right materials.” 

These words are lifted from the pages 
of Ian McEwan’s novel Solar (Jonathan 
Cape, 2010), which describes the 
tragicomic exploits of physicist Michael 

Beard, a Nobel laureate and philanderer, as he misappropriates an 
idea for a solar-driven method to split water into its elements. 

“I wanted to give him a technology still on the lab bench,” 
says McEwan, who has previously scattered science through his 
books Enduring Love (1997) and Saturday (2005). He came across 
research into quantum photosynthesis by Graham Fleming, a 
chemist at the University of California, Berkeley, and decided that it 
was just what he needed. He fit the idea in with Beard’s supposed 
work in quantum physics with the help of Graeme Mitchison, 
a physicist at the University of Cambridge, UK, who reverse-
engineered the Nobel citation for Beard that appears in Solar’s 
appendix, and reads, “Beard’s theory revealed that the events 
that take place when radiation interacts with matter propagate 
coherently over a large scale compared to the size of atoms.” P.B.

a state of quantum entanglement: a form of coherence in which the 
orientation of one spin remains correlated with that of the other, no 
matter how far apart the radicals move. Entanglement is usually quite 
delicate at ambient temperatures, but the researchers calculate that it 
is maintained in the avian compass for at least tens of microseconds 
— much longer than is currently possible in any artificial molecular 
system10.

This quantum-assisted magnetic sensing could be widespread. Not 
only birds, but also some insects and even plants show physiological 
responses to magnetic fields — for example, the growth-inhibiting 
influence of blue light on the flowering plant Arabidopsis thaliana is 
moderated by magnetic fields in a way that may also use the radical-
pair mechanism11. But for clinching proof that it works this way, says 
Benjamin, “we need to understand the basic molecules involved, and 
then study them in the lab”.

SELECTED BENEFITS
Quantum coherence in photosynthesis seems to be beneficial to the 
organisms using it. But did their ability to exploit quantum effects evolve 
through natural selection? Or is quantum coherence just an accidental 
side effect of the way certain molecules are structured? “There is a lot 
of speculation about the evolutionary question, and a lot of misunder-
standing,” says Scholes, who is far from sure about the answer. “We 
cannot tell if this effect in photosynthesis is selected for, nor if there is 
the option not to use coherence to move the electronic energy. There 
are no data available at all even to address the question.” 

He points out that it isn’t obvious why selection would favour coher-
ence. “Almost all photosynthetic organisms spend most of the day trying 
to moderate light-harvesting. It is rare to be light-limited. So why would 
there be evolutionary pressure to tweak light-harvesting efficiency?” 

Fleming agrees: he suspects that quantum coherence is not adaptive, but 
is simply “a by-product of the dense packing of chromophores required 
to optimize solar absorption”. Scholes hopes to investigate the issue by 
comparing antenna proteins isolated from species of cryptophyte algae 
that evolved at different times.

But even if quantum coherence in biological systems is a chance 
effect, adds Fleming, its consequences are extraordinary, making sys-
tems insensitive to disorder in the distribution of energy. What is more, 
he says, it “enables ‘rectifier-like’ one-way energy transfer, produces the 

fastest [energy-transfer] 
rate, is temperature-
insensitive and prob-
ably a few other things I 
haven’t thought of ”. 

These effects, in turn, 
suggest practical uses. 
Perhaps most obvi-
ously, says Scholes, a 
better understanding of 
how biological systems 
achieve quantum coher-

ence in ambient conditions will “change the way we think about design 
of light-harvesting structures”. This could allow scientists to build tech-
nology such as solar cells with improved energy-conversion efficiencies. 
Seth Lloyd considers this “a reasonable expectation”, and is particularly 
hopeful that his discovery of the positive role of environ mental noise 
will be useful for engineering photonic systems using materials such as 
quantum dots (nanoscale crystals) or highly branched polymers stud-
ded with light-absorbing chemical groups, which can serve as artificial 
antenna arrays.

Another area of potential application is in quantum computing. The 
long-standing goal of the physicists and engineers working in this area 
is to manipulate data encoded in quantum bits (qubits) of information, 
such as the spin-up and spin-down states of an electron or of an atomic 
nucleus. Qubits can exist in both states at once, thus permitting the 
simultaneous exploration of all possible answers to the computation 
that they encode. In principle, this would give quantum computers the 
power to find the best solution far more quickly than today’s computers 
can — but only if the qubits can maintain their coherence, without the 
noise of the surrounding environment, such as the jostling of neigh-
bouring atoms, destroying the synchrony of the waves. 

But biology has somehow solved that challenge: in effect, quantum 
coherence allows a photosystem to perform a ‘best-path’ quantum 
computation. Benjamin, whose main interest is in designing materials 
systems for quantum computation and information technology, sees 
the ambient-temperature avian compass as a potential guide. “If we can 
figure out how the bird’s compass protects itself from decoherence, this 
might just give us a few clues in the quest to create quantum technolo-
gies,” he says. Learning from nature is an idea as old as mythology — but 
until now, no one has imagined that the natural world has anything to 
teach us about the quantum world. ■

Philip Ball is a writer based in London.

1. Engel, G. S. et al. Nature 446, 782–786 (2007).
2. Lee, H., Cheng, Y.-C. & Fleming, G. R. Science 316, 1462–1465 (2007).
3. Panitchayangkoon, G. et al. Proc. Natl Acad. Sci. USA 107, 12766–12770 (2010).
4. Collini, E. et al. Nature 463, 644–647 (2010). 
5. Mohseni, M., Rebentrost, P., Lloyd, S. & Aspuru-Guzik, A. J. Chem. Phys. 129, 

174106 (2008).
6. Ball, P. Nature 431, 396–397 (2004).
7. Turin, L. Chem. Senses 21, 773–791 (1996).
8. Ritz, T., Thalau, P., Phillips, J. B., Wiltschko, R. & Wiltschko, W. Nature 429, 

177–180 (2004).
9. Maeda, K. et al. Nature 453, 387–390 (2008).
10. Gauger, E. M., Rieper, E., Morton, J. J. L., Benjamin, S. C. & Vedral, V. Phys. Rev. Lett. 

106, 040503 (2011).
11. Ahmad, M., Galland, P., Ritz, T., Wiltschko, R. & Wiltschko, W. Planta 225, 615–624 

(2007).

“This might just 
give us a few clues 
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create quantum 
technology.”

A novel idea

Quantum fact meets fiction
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