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The mechanism enabling the seasonal movement of birds between 
breeding and wintering grounds defies understanding. It is known 
that birds derive directional information from the stars, the Sun, and 
the topographical features which define the planet. Additionally it has 
been hypothesised that birds may navigate by virtue of ‘’sensing’’ the 
magnetic field of the Earth. A chemical compass based on the radical 
pair mechanism has been proposed, and proven viable. Such a quantum 
mechanical model acts to explain the experimentally determined 
features of the avian compass and offers a mechanism which is viable in 
the context of biological systems. This does not imply however that the 
model is complete. The involved magnetoreceptor molecules remain 
unidentified, although the protein cryptochrome located in the eyes of 
birds does hold much promise. In addition, the manner in which the 
mechanism interfaces with the visual transduction pathway has yet 
to be understood. Magnetoreception is thus predicted to function in 
conjunction with other senses in order to facilitate avian navigation.

Introduction
The idea that birds utilise the geomagnetic field of the Earth as a source of 
directional information was hypothesised as early as 1859 by von Middendorf. 
The use of a magnetoreceptive compass was first demonstrated in the European 
robin and thereafter in 17 species of bird (Wiltschko et al., 1966). Despite growing 
evidence that magnetoreception plays a major role in enabling avian navigation, 
the biophysical mechanism behind such a compass remains elusive. 
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Any theoretical model must act to explain the experimentally determined features 
of the avian compass. Wiltschko et al. (1972) demonstrated that the employed 
compass is inclination based, i.e. it is sensitive to the axis but not the polarity 
of an external magnetic field. Wiltschko et al. (1993, 1999) demonstrated that the 
ability of a bird to orient itself is dependent on the ambient light conditions. 
European robins showed good orientation under green and blue light, but were 
disorientated under red. This suggests that the involved mechanism is photo-
dependent. Finally, the mechanism responsible for the avian compass must be 
sensitive to very weak magnetic fields, as that of the Earth is of strength 50μT. 

In an attempt to explain all such features, Schulten et al. (1978) first proposed a 
chemical compass based on the radical pair mechanism. They postulated that 
magnetoreception involved light induced biochemical reactions. The product 
yields of such reactions have been shown (Schulten et al., 1976) to be influenced 
by an external magnetic field. Ritz et al. (2000) suggested that if such reactions 
were to take place in immobilised radical pairs (RPs) in the eye of a bird, the 
product yields may depend on the orientation of the birds head with respect to 
the geomagnetic field of the Earth. Product yield variations could then affect the 
sensitivity of the bird’s vision and grant it a magnetic map of the Earth.

The Radical Pair Mechanism
A radical is any atom or molecule with one or more unpaired valence electrons. 
All electrons have intrinsic angular momentum or ‘spin’ (Pauli, 1924), quantised 
by the quantum number S = ½. The electron may exist in one of two quantum 
states, dictated by the magnetic quantum number Ms = ±1 , and regarded as 
spin up and spin down respectively. The spin of an electron can be represented 
by an angular momentum vector.  Figure 1 illustrates such spin up and spin 
down states, with a magnetic field applied in the z-direction. The Uncertainty 
Principle dictates that no two directional components of the angular momentum 
of an electron may be known simultaneously. Thus, in knowing the length of 
the spin vector and its magnitude along the z-direction, the x and y components 
remain unknown. For this reason the spin vector is represented as precessing 
about the z-direction.
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Figure 1. A vector representation of the spin up and spin down states of the electron.

A radical pair (RP) may be formed in a spin correlated singlet or triplet state. In 
the singlet state, the spin vectors of the unpaired valence electrons associated with 
each radical point in opposite directions. The total spin of the pair sums to zero. 
In the triplet state, the spin vectors point in the same direction and the net spin is 
one. Wigner (1927) first introduced the concept of spin conservation in elementary 
chemical reactions. Spin conservation has been proved (Guo et al., 2011) to be 
at play in chemical reactions such as electron transfer and bond cleavage and 
features as the key assumption (Tiersch et al., 2012) in explaining spin chemical 
effects. Thus, assuming spin is conserved in RP formation, the state in which the 
RP is generated will match the state of the precursor molecules. A simple radical 
pair reaction scheme was outlined by Rodgers in 2009 and may be understood in 
a number of simple steps. The involved magnetoreceptor molecules have yet to 
be identified and will be referred to as precursor molecules A (acceptor) and D 
(donor) for the purpose of this review.

Ground state precursor molecules A and D exist in either a singlet (S=0) or 
triplet (S=1) state. The photo-excitation of molecule D results in the transfer of a 
single electron to molecule A and the creation of a radical pair (RP). Each radical 
possesses one unpaired electron, and the pair is formed in either a singlet or triplet 
state, matching that of the precursor molecules. 

Singlet and triplet radical pairs (RPs) are chemically different and react to produce 
different products with different reaction rates. Singlet RPs undergo spin-selective 
reactions to produce singlet products, with reaction rate Кs. The coherent evolution 
of the spin state of the RP competes with such reactions, and acts to interconvert 
singlet and triplet RPs. This singlet to triplet interconversion is driven by magnetic 
interactions within the RP and with an external magnetic field. Triplet RPs undergo 
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their own spin-selective reactions to produce triplet products with reaction rate КT. 
The key feature of the radical pair mechanism in the context of magnetoreception 
is the singlet to triplet interconversion (Rodgers, 2009). An externally applied 
magnetic field has been shown (Schulten et al., 1976), to effect the singlet and triplet 
product yields by altering the rate of singlet to triplet interconversion.

Figure 2. Adapted from Ritz et al., 2000) A schematic representation of the radical pair mechanism, 
illustrating radical pair formation and singlet to triplet interconversion.

Magnetic Field Effects
The manner in which an external magnetic field as weak as 50 μT may affect the 
spin evolution of a radical pair is one of the key features of the proposed chemical 
compass. Figure 3 provides a vector representation of the singlet and triplet states 
of a radical pair. For the purposes of this review, the respective radical spin vectors 
will be referred to as S1 and S2. In the presence of an external magnetic field B, 
S1 and S2 precess about the z-component of the field at the Larmor frequency 
(Larmor, 1987). 

       (1) 

ω is the Larmor frequency, μB is the Bohr magneton, B is the magnitude of the 
magnetic field and g is the electron spin g factor. This is a dimensionless quantity 
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with a magnitude of roughly 2, and relates the observed magnetic moment to the 
angular momentum quantum number.

Figure 3. (Adapted from Steiner, 2007) A vector representation of the radical pair spin states, 
illustrating the triplet states T+, T0, T- and the singlet state S.

The singlet state of the radical pair is understood to be the state in which S1 and 
S2 precess 180 degrees out of phase and point in opposite directions such that the 
state has a net spin of zero. With respect to the triplet state, the Zeeman effect 
lifts the three-fold degeneracy (Zeeman, 1897), and the spin vectors are quantised 
along the z-component of the magnetic field with spin quantum numbers MS = -1, 
0, 1 (T−, T0, T+). The associated energy of interaction, ΔE, is given by

       

        (2)

 

The triplet states T+ and T- are understood to be the states in which S1 and S2 are 
coplanar and precess in phase. The Zeeman interaction shifts both states away 
from state T0, with state T+ increasing in energy and T- decreasing in energy. State 
T0 remains unshifted and so degenerate with the singlet state. The z-components 
of the spin vectors sum to zero, however a resultant spin vector of unit length in 
the xy plane exists, illustrated by noticing that the x and y components in Figure 
4(a) do not sum to zero.
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In order to assess the manner in which an external field may effect the radical pair 
(RP) mechanism, it is first assumed that the spin correlated valence electrons do 
not interact. The exchange interaction between two unpaired electrons, if included, 
would lift the degeneracy of the S and T0 states, separating them by a large energy 
gap and thus inhibiting any singlet to triplet interconversion. The strength of this 
interaction falls off exponentially with increasing RP separation, as illustrated in 
Figure 4(b). The following model, in neglecting this effect, assumes that the RPs 
are appropriately separated such that interconversion may be facilitated and the 
exchange interaction may be neglected.

In the context of investigating weak field effects (50 μT), the spin coherent evolution 
of a radical pair (RP) occurs by virtue of the hyperfine mechanism (Brocklehurst et 
al., 1995). Hyperfine coupling is an interaction between an electrons total angular 
momentum J and the nuclear spin I whereby the nuclear magnetic moment 
generates a local magnetic field. In the absence of an external field, spin vectors S1 
and S2 precess about the z-component of this effective hyperfine field at the Larmor 
frequency. Each radical may contain several nuclei, and the effective hyperfine 
field is the vector sum of all individual hyperfine interactions.

It is often the case that the unpaired valence electron associated with each radical 
experiences a different effective hyperfine field. In this situation, the spin vectors 
S1 and S2  precess at different frequencies. Beginning with a singlet-born RP, after 
time Δt, a phase relationship is reached whereby S1 and S2  precess in phase. A time 
Δt’ later, S1 and S2  will precess completely out of phase. This process is referred to 
as spin dephasing, and the oscillation between the singlet state and triplet state T0 is 
known as singlet to triplet interconversion, as illustrated in Figure 5(a). 

Figure 4a. Illustation of the triplet state T0. 
The z-components of the spin vectors may 

cancel, yet a spin vector of unit length in the 
xy plane may exist.

Figure 4b. (Adapted from Valko, 1988) 
Illustration of the exchange energy as a 

function of radical pair separation.
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In the presence of a weak external field (strength less than that of the hyperfine 
field), the radical pair spin vectors S1 and S2 precess about the vector sum of 
the external and hyperfine field. The Zeeman effects lifts the degeneracy of 
the triplet states, shifting T+ and T- away from T0. Provided that the interaction 
energy associated with hyperfine coupling is greater than that associated with the 
Zeeman effect, interconversion between the singlet state and all three triplet states 
is facilitated. As a consequence, singlet to triplet interconversion is enhanced and 
the triplet yield is maximised.

It should be noted that the interconversion between S and T± requires a 
simultaneous flip of the nuclear and electron spins. In order for this to occur, a 
magnetic field in the xy plane must act on the electron spin vector. Hyperfine 
interactions with surrounding nuclei often provide the necessary torque for 
such a spin flip. Additionally it should be noted that if both unpaired electrons 
experienced exactly the same local magnetic fields, no interconversion would be 
possible.

In addition, the spin coherent evolution of a radical pair may be effected by the Δg 
mechanism (Boxer et al., 1982). The Δg mechanism enables interconversion between 
the singlet state and triplet state T0 only. This mechanism relies on differences in g 
factors between the spin correlated valence electrons. Differences in g factor result 
in different precessional frequencies of the spin vectors S1 and S2 and thus facilitate 
spin dephasing. Differences in g factor are generally small (typically one part in 

Figure 5a. (Adapted from Steiner, 2007) In-
terconversion between the singlet state S and 

the triplet state T0. Illustrated using the vector 
spin model in order to highlight the process of 

spin dephasing.

Figure 5b. Zeeman splitting of the triplet states 
as a function of magnetic field strength. The ex-
tent of the energy shift experienced by states T+ 
and T- increases with increasing magnetic field.
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103 or 104 in organic free radicals (Brocklehurst, 1995)) and so strong magnetic 
fields are required for this mechanism to have a noticeable effect. As a result of the 
strong field requirement, the interaction energy associated with the Zeeman effect 
will be larger than that associated with hyperfine coupling, and interconversion 
between the singlet state and T± is inhibited. Strong fields thus act to minimise the 
triplet yield. Since this mechanism is known to dominate in large magnetic fields, 
the effects may be neglected in a model for the avian compass.

In order to describe the state of the radical pairs a spin Hamiltonian is constructed, 
assuming that the spatial and spin components of the radical pair wave function 
may be decoupled. 

        (3)

The first two terms account for the Zeeman interaction, and the final two terms for 
the hyperfine interaction. A1i, A2j are the respective hyperfine coupling tensors, a 
and b are the numbers of nuclei in each component of the radical pair and I1i and I2j 
are the respective nuclear spins of radicals 1 and 2. In weak external fields, the Δg 
mechanism may be neglected  such that a single value for the g factor may be used.

Schulten et al. (1976) demonstrated that the radical pair (RP) mechanism is 
sensitive to the strength of an external magnetic field. However, in order to act 
as a source of directional information, a significant difference in the effects of an 
external field on RPs must exist, and have different orientations with respect to the 
field. Ritz et al. (2000) proposed and proved that if the hyperfine coupling tensor 
is anisotropic, the RP will be sensitive to different alignments of the magnetic 
field. This is unlikely to occur for solution based reactions, as tumbling tends to 
average any isotropic responses. It was thus concluded that the involved radicals 
should be oriented and immobilised. The dependence of the triplet yield on the 
angle between the z-axis of the RP and the axis of the magnetic field is illustrated 
in Figure 6(a). 

The viability of the radical pair (RP) mechanism model in the context of a biological 
system must be evaluated. The energy of magnetic interaction per particle involved 
in the RP mechanism is much smaller than the average thermal energy per particle, 
KBT. KB is the Boltzmann constant of value 1.3806 x 10-23 m2 kg s-2 K-1 and T is the 
temperature, on average circa 300K in biological systems. This does not imply 
that the effects of the magnetic field become undetectable, since the spins of the 
electrons bound to the biomolecules are not coupled strongly to the thermal bath. 
The lifetime of the RPs also plays an important role. Fast decay rates (>10μs-1 (Ritz 
et al., 2000)) of the RPs will not allow sufficient time for the external field to effect 
the rate of singlet to triplet interconversion. The sensitivity of the RP mechanism 
increases as the lifetime of the RP increases, as illustrated by Figure 6(b). Given 
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the significance of the decay rates, the values assumed by decay rates in biological 
systems must be assessed. Decay rates as slow as 1μs-2μs have been realised in 
biological systems, as well as proved by Mohtat et al. (1998) to allow sufficient time 
for magnetic field induced singlet to triplet interconversion.

Finally, the manner in which the radical pair (RP) mechanism may interact 
with the visual pathway must be investigated. One suggestion put forth by 
Ritz et al. (2000) is that the RPs may be orientationally fixed on the retina of 
a bird’s eye such that different head orientations of the bird would result in 
different orientations of the radicals with respect to the magnetic field of the 
Earth. Different head orientations would thus result in different product yields.
Provided that the product yields may affect the sensitivity of light receptors in 
the eye, this modulation in sensitivity would result in a response pattern that 
varies over the hemisphere of the eye. A response pattern of light and dark from 
which the bird may gain directional information would thus be generated. Such 
a mechanism has been mathematically modelled (Ritz et al., 2000), and could 
in theory produce a pattern (Figure 7(b)), which may be utilised as a “magnetic 
map”. This suggestion is purely speculative as the manner in which the RP 
mechanism effects the visual transduction pathway is not yet fully understood. 

     

Figure 6a. (Ritz et al., 2000) The depen-
dence of triplet yield ΦK on the orientation 

of the external field with respect to the 
radical pair is illustrated.

Figure 6b.  (Ritz et al., 2000) The depen-
dence of triplet yield ΦK on the decay rate k 

is illustrated.
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Conclusions 
The quantum mechanical model of the avian compass has been gaining credibility 
as evidence mounts in its favour, however the model is by no means complete. 

Firstly, the chemicals involved in the radical pair mechanism have yet to be 
identified, although the protein cryptochrome which has been located in the 
eyes of several species of migrating bird holds much promise for future research 
(Solov’yov et al., 2007).  

Secondly, the point at which the radical pair mechanism is involved in the visual 
transduction pathway is not fully understood, and requires more research in the 
area of Physiology.  

Additionally, as an inclination compass is unable to distinguish North from South, 
the radical pair mechanism alone would not be sufficient to enable navigation. It is 
likely that the radical pair mechanism is working in conjunction with other senses. 
For example, the beaks of many birds have been shown to contain the magnetic 
mineral magnetite, which has been suggested to be linked to magnetoreception 
(Kirschvink et al., 2001).

Figure 7b. (Ritz et al. 2000) Visual 
representation of the modulation pattern 

which may be utilised by a bird as a 
‘magnetic map’.

Figure 7a. (Adapted from Ritz et al. 2000) 
Illustration of the manner in which radical 

pairs immobilised on the retina may be 
influenced by the orientation of the magnetic 

field of the Earth.
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While still in its infancy, this model acts to explain many of the experimentally 
determined features of the avian compass and offers a viable mechanism by 
which a migrating bird may utilise the geomagnetic field as a source of directional 
information. A full understanding is within reach and will allow advancements 
in nanotechnology, as well as offer an insight into how weak magnetic fields 
influence biological systems, an area of concern in the health industry.
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