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Experimental evidence at 
cryogenic and physiological 
temperatures indicates the 
presence of quantum coherence 

Other results: Scholes (Toronto), van Hulst (ICFO)... 
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Quantum biology
Neill Lambert1*, Yueh-Nan Chen2, Yuan-Chung Cheng3, Che-Ming Li4, Guang-Yin Chen2

and Franco Nori1,5*

Recent evidence suggests that a variety of organisms may harness some of the unique features of quantum mechanics to gain
a biological advantage. These features go beyond trivial quantum effects and may include harnessing quantum coherence on
physiologically important timescales. In this brief review we summarize the latest results for non-trivial quantum effects in
photosynthetic light harvesting, avian magnetoreception and several other candidates for functional quantum biology. We
present both the evidence for and arguments against there being a functional role for quantum coherence in these systems.

Table 1 | Summary of a selection of the main experimental and theoretical works on functional quantum biology.

Biological system Reference

Photosynthesis Cryogenic-temperature quantum coherence 12,14

Ambient/room-temperature quantum coherence (FMO) 16

Ambient/room-temperature quantum coherence (algae) 15

Environment-assisted transport 19,26,27,29

Entanglement, tests of quantumness 48,49,103

Alternative views 46,47,51

Radical-pair magnetoreception Early proposals and evidence 60,66

Mathematical models 66,67

Indirect evidence (light dependence, magnetic field) 58,61,64,65,78,104

Experiments on radical pairs 7,71–73,105

Other examples Olfaction 92,93

Vision 97,99

Long-range electron transfer 81,82

Enzyme catalysis 84,85

Radical-pair magnetoreception Early proposals and evidence 60,66

Mathematical models 66,67

Indirect evidence (light dependence, magnetic field) 58,61,64,65,78,104

Experiments on radical pairs 7,71–73,105
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Magnetoreception in Animals 

Kenneth J. Lohmann, Nature (2010)�

Magnetoreception found in a wide variety of animals: migratory birds, see turtles, bats, 
newts, lobsters, bees, fruitfries, bacteria ... �
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Kenneth J. Lohmann, Nature (2010)�

Magnetoreception in Animals 



Avian Magnetoreceptionn  

Migratory birds use the Earths magnetic field to orient themselves during migration �

R. Wiltschko & W. Wiltschko ��

Captive birds are so eager to migrate that they 
will orient themselves in a cage in the direction 
they wish to fly.�

Figure 3. Funnel Cage Lined with Coated Paper Carrying Radial Lines

Provide Visual Featureseach triangle represents the orientation of one bird� Scratches�



Avian compass is an inclination compass 
Inclination compass:�

R. Wiltschko & W. Wiltschko �

Perception depends only on the inclination of the field lines, not the polarity.�

Henrik Mouritsen�

Birds must know the direction of up to differentiate North from South��



Two Models for Avian Magnetoreceptionn  

1. Use of Magnetic particle 

2. Radical pair mechanism ��

It was a biochemical mechanism discovered in spin chemistry more than 40 years ago and has 
gain supporting evidences by experiments.�

Indeed magnetite has been found in birds but it does not explain key observations 

It is likely that birds use both mechanisms to construct a magnetic map. �

The idea was inspired in part by the discovery 
that some bacteria produce magnetite crystals; as 
a result, the bacteria are physically rotated into 
alignment with geomagnetic field lines and can 
move along them. �

The principle is that magnetoreception occurs through unusual biochemical reactions that 
are influenced by Earth’s magnetic field. The proposed reactions involve pairs of free 
radicals as fleeting intermediates, so the idea is also known as the radical-pairs hypothesis.�

Naval Research Laboratory (NRL)�
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Animal Magnetoreception: Use of Magnetic particle 

Johnsen and Lohmann, Nature reviews  (2005)�

Strong magnetic pulses cause birds and turtles randomize the preferred orientation direction�

Evidence for magnetite-based magnetoreception�
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Avian Magnetoreception: Radical pair mechanism 



Avian Magnetoreception: Radical pair mechanism 



Avian Magnetoreception: Radical pair mechanism 

Magnetic field effect��



Avian Magnetoreception: Radical pair mechanism 

A1 � � 10 G 0 0
0 10 G 0
0 0 0

�
A2 � � 5 G 0 0

0 5 G 0
0 0 5 G

�

Biophysical Journal, 78:707-718, 2000�

A chemical compass Should work in geo-magnetic field!�� B=0.5 Gauss�



Avian Magnetoreception: Radical pair mechanism 

A1 � � 10 G 0 0
0 10 G 0
0 0 0

�
A2 � � 5 G 0 0

0 5 G 0
0 0 5 G

�

Biophysical Journal, 78:707-718, 2000�

It is only an inclination compass!��



Avian Magnetoreception: Radical pair mechanism 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 
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2. Where is the magnetoreceptor? �

1. How is the signal processed: from the singlet and triplet products to biological signals? �

Jyrki’s talk�



Radical pair mechanism: needs light 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 



Avian compass is light-dependent 

Light-dependent magnetoreception �

T. Ritz (2007)�

R. Wiltschko & W. Wiltschko �
Photoreceptor maybe involved�
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Migrator birds requires light below a threshold 
wavelength to sense magnetic  fields 

1. Disoriented in darkness and in red or yellow light 
2. Orient only in UV, blue and green light�



Radical pair mechanism: needs light 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 
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Avian Magnetoreception: Resonance effects 

T. Ritz, R. Wiltschko & W. Wiltschko  (2000)�

Resonance experiments:��

Probe-and-reference model�



Avian Magnetoreception: Radical pair mechanism 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 

2. Where is the magnetoreceptor? �

1. How is the signal processed: from the singlet and triplet products to biological signals? �1. How is the signal processed: from the singlet and triplet products to biological signals? 



Avian Magnetoreception: Birds see magnetic fields 

A Model for Photoreceptor-Based Magnetoreception in Birds

Thorsten Ritz, Salih Adem, and Klaus Schulten
Theoretical Biophysics Group, Beckman Institute, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 USA

707Biophysical Journal Volume 78 February 2000 707–718

Magnetic fields modulated vision pattern��



A Model for Photoreceptor-Based Magnetoreception in Birds

Thorsten Ritz, Salih Adem, and Klaus Schulten
Theoretical Biophysics Group, Beckman Institute, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 USA

707Biophysical Journal Volume 78 February 2000 707–718

Avian Magnetoreception: Birds see magnetic fields 
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Magnetic fields modulated vision pattern�



FIGURE 8 Visual modulation patterns through magnetic fields of 0.1,
0.2, 0.5, 1.0, 2.0, and 5.0 G for a bird looking parallel to the magnetic field
lines. Changes in the field strength induce changes in the contrast of the
modulation pattern, e.g., the central disk feature that is clearly visible for
0.5 and 1.0 G field strengths becomes less visible for lower and higher
magnetic fields. In addition, qualitative changes can be observed, such as
the occurrence of a new ring feature for higher (5 G) magnetic fields.

Avian Magnetoreception: Radical pair mechanism 

A Model for Photoreceptor-Based Magnetoreception in Birds

Thorsten Ritz, Salih Adem, and Klaus Schulten
Theoretical Biophysics Group, Beckman Institute, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 USA

Biophysical Journal Volume 78 February 2000 707–718

Dependence on the strength of geomagnetic field!��

It is a strong argument against a magnetite-

based compass!  
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Avian Magnetoreception: Nerve signal tranduction 

Johnsen and Lohmann, Nature reviews  (2005)�

Branches of the trigeminal nerve innervate 

magnetoreceptors in birds��

Recordings from one such ganglion cell during 
different changes in vertical magnetic field 
intensity (these changes also altered the 
inclination and total intensity of the field). (1) 
Spontaneous activity. (2) Response to 200 
nanoTelsa (nT) change. (3) Response to 5,000 
nT change. (4) Response to 15,000 nT change. 
(5) Response to 25,000 nT change. (6) 
Response to 100,000 nT change. The Earth’s 
field is ~50,000 nT. Stimulus onset is indicated 
by the bar below each series.�
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Avian Magnetoreception: Nerve signal tranduction 

Henrik Mouritsen, Nature (2009)�

The iron-mineral-based receptors in the upper beak 

connected to the brain by the trigeminal nerve are 

neither necessary nor sufficient for magnetic compass 

orientation in European robins.��
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Cluster N is required for magnetic compass orientation in 

this species and indicate that it may be specifically involved 

in processing of magnetic compass information.��



Avian Magnetoreception: Where is the magnetoreceptor? 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 

2. Where is the magnetoreceptor? �

1. How is the signal processed: from the singlet and triplet products to biological signal �

2. Where is the magnetoreceptor?



Avian Magnetoreception: Where is the magnetoreceptor? 

1.  Magnetic fields pass freely through biological tissue: magnetoreceptors need 
not to make contact with the external environment and might be located almost 
anywhere inside an animal’s body.  

 
2.  Magnetoreceptors might also be tiny and dispersed throughout a large volume 

of tissue 
 
3.  The transduction process might occur as a set of chemical reactions: no obvious 

organ or structure devoted to magnetorception necessarily exists.�

Kenneth J. Lohmann, Nature (2010)�



Chromophore flavin-superoxide radical pair�

Klaus Schulten group�

Avian Magnetoreception: Where is the magnetoreceptor? 

Ilia Solov'yov�



Avian Magnetoreception: Probe-and-Reference model 
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For the first time, the effect of Earth‘s 

magnetic field observed! �

But at 193K!�



Avian Magnetoreception: Radical pair mechanism 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 
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Jyrki’s talk�



Haberkorn Approach 

Radical pair mechanism: Quantum Master Equations 

Not trace preserving!?�



Measurement Approach I:  

Radical pair mechanism: Quantum Master Equations 
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�  Haberkorn Approach 

U. E. Steiner and T. Ulrich, Chem. Rev.  89, 51-147 (1989) 
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Radical pair mechanism: Quantum Master Equations 

S =
1
2
↑↓ − ↓↑( )S =

1
2
↑↓ − ↓↑( )

T0 =
1
2
↑↓ + ↓↑( )

T
+
= ↑↑

T
−
= ↓↓

T0TT =
1
2
↑↓ + ↓↑( )

T
+
= ↑↑

T
−
= ↓↓



Measurement Approach II:  

Radical pair mechanism: Quantum Master Equations 



Radical pair mechanism: Quantum Master Equations 



Haberkorn Approach 

Quantum Measurement Master Equation:  

Radical pair mechanism: Quantum Master Equations 



Haberkorn Approach 

Quantum Measurement ME 

Radical pair mechanism: Quantum Master Equations 

JMC, Phys Rev Lett (2011)�



Haberkorn Approach 

Radical pair mechanism: Quantum Master Equations 



Haberkorn Approach 

Radical pair mechanism: Quantum Master Equations 



Avian Magnetoreception: Radical pair mechanism 

Light�Light
Coupling to local nuclear-spin envionment  Coupling to external B-field 
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Coherent dynamics and design principles for a chemical compass 
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Second talk this afternoon�



Thank you very much for your attention!�


