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Abstract: A large number of magnetic sensors, like superconducting quantum interference devices, optical

pumping and nitrogen vacancy magnetometers, were shown to satisfy the energy resolution limit. This limit states

that the magnetic sensitivity of the sensor, when translated into a product of energy with time, is bounded below

by Planck’s constant, h̄. This bound implies a fundamental limitation as to what can be achieved in magnetic

sensing. Here we explore biological magnetometers, in particular three magnetoreception mechanisms thought to

underly animals’ geomagnetic field sensing: the radical-pair, the magnetite and the MagR mechanism. We address

the question of how close these mechanisms approach the energy resolution limit. At the quantitative level, the

utility of the energy resolution limit is that it informs the workings of magnetic sensing in model-independent

ways, and thus can provide subtle consistency checks for theoretical models and estimated or measured parameter

values, particularly needed in complex biological systems. At the qualitative level, the closer the energy resolution

is to h̄, the more “quantum” is the sensor. This offers an alternative route towards understanding the quantum

biology of magnetoreception. It also quantifies the room for improvement, illuminating what Nature has achieved,

and stimulating the engineering of biomimetic sensors exceeding Nature’s magnetic sensing performance.

Keywords: magnetoreception; quantum sensing; quantum biology

1. Introduction

Animal magnetoreception is a major and strongly interdisciplinary scientific puzzle [1–9]. Quoting
a 2010 paper [10], “..the solution to the magnetoreception mystery will almost certainly come from a
fascinating interplay of biology, chemistry and physics”. The quote is as valid today as it was in 2010,
since science still awaits the full solution to this challenging problem of sensory biology.

Although numerous behavioural experiments have established the ability of many species to
sense the geomagnetic field, the mechanisms behind biological magnetic sensing, and their working at
the physical, chemical and physiological level, are still being debated. There is evidence that migratory
birds [11–15], fruit flies [16–24], butterflies [25–27], turtles [28–30], sharks [31–33], eels [34–38], salmon
[39–41], are among the many species having magnetic sensing capabilities, either at the level of a
compass for acquiring directional information towards long-distance navigation, or in some form of a
magnetic map for positioning, or both. Three mechanisms have so far been prevalent in the discussion
of biological magnetoreception, the radical-pair [42–46], the magnetite [47–51], and the induction
mechanism [52–55], while a mechanism synthesizing the first two, the MagR protein complex, was
relatively recently proposed [56].

Sensing the magnetic field is by all means a physical process. In this respect, biological magne-
tometers must have quite some common ground with man-made magnetometers, which in recent
decades have made spectacular progress towards highly sophisticated devices. Magnetometers largely
based on classical physics have been around for several decades [57–59]. However, significant progress
in magnetic sensitivity was driven by modern quantum technology [60,61], a major thrust of which is
quantum sensing [62] of magnetic fields.

The reason behind this progress is that at the quantum level, measuring a magnetic field is
equivalent to measuring energy. The precision of energy measurements depends on the lifetime of
“quantumness”, which reflects how well a “fragile” quantum system is isolated from its perturbing
environment. Modern quantum experiments have pushed this isolation to new extremes, thus leading
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to sensitive magnetic sensing technologies. Among those are superconducting quantum interference
devices [63–65], optical pumping magnetometers [66,67] , diamond sensors [68–70], Bose-Einstein
condensates [71–73].

A major goal of magnetometry is to understand how the physical principles underlying each
technology limit the magnetic sensitivity and other figures of merit of the sensor. Quantum physics
indeed puts stringent limits to what can be achieved with any kind of sensor, although many times it is
challenging to precisely define those limits. Nevertheless, it is broadly accepted that such fundamental
measurement limits do exist, and research towards understanding and utilizing them to design new
magnetic sensing applications is overly active [74–84].

Recently, another approach gave a more holistic and technology-independent perspective on mag-
netic sensing based on the so-called energy resolution limit (ERL) [85]. The energy resolution (ER),
more precisely called energy resolution per bandwidth, is a quantity composed of the uncertainty in
the magnetic field estimate performed by the sensor, the sensitive volume, and the measurement time.
This quantity has unit of [energy][time], which is the same unit as Planck’s constant, h̄. It turns out
[85] that numerous magnetic sensing realizations spanning many different technologies have energy
resolution larger than h̄.

Here we use the ERL as a guiding principle for understanding biological magnetoreception using
just three basic quantities: sensitivity δB, volume V, and measurement time τ. Biological magnetic
sensors should also satisfy the ERL, because after all, biological systems operate under the laws of
physics [86]. The ERL can offer multiple insights into animal magnetoreception.

Qualitatively, the closer to h̄ the numerical value of the ER is for any given sensor, the more
“quantum” can the sensor be characterized. This offers an alternative perspective in the study of
quantum biology of magnetoreception [87–96]. This discussion is not about a choice between “black”
or “white”, since “quantumness” can now be quantified, and spans a continuum. Indeed, there are
now quantifiers for quantum coherence [97] and entanglement [98], and some have been applied to
quantifying “quantumness” of biological magnetoreception [99,100]. The ER provides yet another
quantifier, this time in units of h̄. For example, if it is found that some biological magentic sensor has ER
e.g. 107h̄, and thus is far from the quantum limit, this finding is still quite informative, since it implies
room for 107 improvement. Even if Nature did not have the chance to realize such an improvement, it
could in principle be engineered with biomimetic sensors [101–103].

Quantitatively, the ERL provides a strong and subtle constraint of basic and measurable parame-
ters (δB, V, τ). This constraint is particularly helpful for understanding biological magnetoreceptors,
which unavoidably face the complexities and uncertainties of biological systems, as opposed to pre-
cisely controlled quantum magnetometers in the laboratory. As will be outlined in the paper, some
biological ERs do not have a specific value as man-made sensors do, but rather, a range of possible
values, stemming from those uncertainties. Conversely, it will be seen that the ERL narrows down those
uncertainties. For example, we here obtain a precise lower bound for the number of cryptochromes that
are required for obtaining a given magnetic sensitivity within a given measurement time.

The outline of this paper is the following. In Sec. II we make some introductory comments about
the energy resolution limit aimed at an interdisciplinary readership. We then apply the ERL to the
radical-pair (Sec. III), the magnetite (Sec. IV) and the MagR mechanism (Sec. V). In Sec. VI we present
the results in a global ERL map. We conclude in Sec. VII.

2. Introductory Comments about the Energy Resolution Limit

The authors in [85] analyzed the magnetometry literature and observed that tens of different
realizations of several magnetic sensing technologies satisfy a bound, which reads

ER ≡ (δB)2

2µ0
Vτ ⪆ h̄ (1)
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The left-hand-side defines the energy resolution of the sensor, and the right-hand side is Planck’s
constant h̄ = 10−34 Js, which constant pervades quantum phenomena.

In the expression of the energy resolution, δB is the uncertainty in the sensor’s magnetic field
estimate, V the sensitive volume, and τ the measurement time. The constant µ0 = 4π × 10−7 Tm/A
is the magnetic permeability of vacuum. The name “energy resolution” derives from the following.
From classical electromagnetism we know that B2/2µ0 is the magnetic energy density (unit J/m3) due
to the presence of a magnetic field B in space. For a homogeneous magnetic field, the total energy
within some volume V is then B2V/2µ0. The ERL involves the variance (δB)2 instead of B2, therefore
one can loosely think of it as the minimum magnetic energy measurable within the sensor volume
during the time available for the measurement. The right-hand-side of (1) is approximately equal to h̄,
thus it is tempting to guess that some basic quantum principle underlies the ERL.

Here we will not address the intricacies of the quantum physics of the ERL, but for completeness
we note that (i) such a principle was recently proposed to derive from quantum thermodynamics [104],
and (ii) there are claims for magnetic sensors having an ER below h̄ [105–107]. Our understanding
[104] is that such claims involve non-trivial quantum enhancements that one would hardly expect to
find in biological systems, even in light of quantum biological effects [108]. Given that a vast number
of technologies do satisfy the ERL [85], we here work under the premise that the same is the case for
biological magnetometers.

In Figure 1 we reproduce the results of [85]. The y-axis displays the quantity δ̃B = δB
√

τ (having
unit T/

√
Hz) versus the linear dimension L of the sensor. This is connected to the volume entering (1)

by V = L3. The spectral magnetic sensitivity δ̃B describes how the measurement noise is distributed
over the measurement bandwidth, given by 1/τ. The utility of δ̃B is that we can produce a common
figure for δ̃B versus L for a number of sensors having different measurement times τ. It is seen in Fig.
1 that all sensors examined have δ̃B ≥

√
2µ0h̄/L3, which is another way to express the bound (1).
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FIG. 1. Magnetic sensing energy resolution limit [85]. Magnetic sensitivity versus sensor’s linear dimension for tens of magnetic
sensing realizations of several magnetometers, like atomic magnetometers, SQUIDs, diamond and Hall effects sensors, and

more. The red solid line is defined by the energy resolution limit, that is, the bound (δ̃B)2V/2µ0 ≥ ℏ, where δ̃B is the magnetic

sensitivity (or equivalently magnetic noise) in units of T/
√
Hz, V is the volume of the sensor (the third power of the linear

dimension), and µ0 vacuum’s magnetic permeability constant. If the measurement time is τ , and the error in the magnetic

field estimate obtained within the measurement time is δB, then δ̃B = δB
√
τ . Figure reproduced from [85] with permission of

the American Physical Society.

ment time τ . Biological magnetic sensors should also
satisfy the ERL, because after all, biological systems op-
erate under the laws of physics [86]. The ERL can offer
multiple insights into animal magnetoreception.

Qualitatively, the closer to ℏ the numerical value of the
ER is for any given sensor, the more “quantum” can the
sensor be characterized. This offers an alternative per-
spective in the study of quantum biology of magnetore-
ception [87–96]. This discussion is not about a choice be-
tween “black” or “white”, since “quantumness” can now
be quantified, and spans a continuum. Indeed, there are
now quantifiers for quantum coherence [97] and entan-
glement [98], and some have been applied to quantifying
“quantumness” of biological magnetoreception [99, 100].
The ER provides yet another quantifier, this time in units
of ℏ. For example, if it is found that some biological ma-
gentic sensor has ER e.g. 107ℏ, and thus is far from the
quantum limit, this finding is still quite informative, since
it implies room for 107 improvement. Even if Nature did
not have the chance to realize such an improvement, it
could in principle be engineered with biomimetic sensors
[101–103].

Quantitatively, the ERL provides a strong and subtle
constraint of basic and measurable parameters (δB, V ,
τ). This constraint is particularly helpful for understand-
ing biological magnetoreceptors, which unavoidably face
the complexities and uncertainties of biological systems,
as opposed to precisely controlled quantum magnetome-
ters in the laboratory. As will be outlined in the paper,
some biological ERs do not have a specific value as man-

made sensors do, but rather, a range of possible values,
stemming from those uncertainties. Conversely, it will
be seen that the ERL narrows down those uncertainties.
For example, we here obtain a precise lower bound for the
number of cryptochromes that are required for obtaining
a given magnetic sensitivity within a given measurement
time.

The outline of this paper is the following. In Sec. II
we make some introductory comments about the energy
resolution limit aimed at an interdisciplinary readership.
We then apply the ERL to the radical-pair (Sec. III), the
magnetite (Sec. IV) and the MagR mechanism (Sec. V).
In Sec. VI we present the results in a global ERL map.
We conclude in Sec. VII.

II. INTRODUCTORY COMMENTS ABOUT
THE ENERGY RESOLUTION LIMIT

The authors in [85] analyzed the magnetometry lit-
erature and observed that tens of different realizations
of several magnetic sensing technologies satisfy a bound,
which reads

ER ≡ (δB)2

2µ0
V τ ⪆ ℏ (1)

The left-hand-side defines the energy resolution of the
sensor, and the right-hand side is Planck’s constant ℏ =
10−34 Js, which constant pervades quantum phenomena.

Figure 1. Magnetic sensing energy resolution limit [85]. Magnetic sensitivity versus sensor’s linear
dimension for tens of magnetic sensing realizations of several magnetometers, like atomic magne-
tometers, SQUIDs, diamond and Hall effects sensors, and more. The red solid line is defined by the
energy resolution limit, that is, the bound (δ̃B)2V/2µ0 ≥ h̄, where δ̃B is the magnetic sensitivity (or
equivalently magnetic noise) in units of T/

√
Hz, V is the volume of the sensor (the third power of the

linear dimension), and µ0 vacuum’s magnetic permeability constant. If the measurement time is τ, and
the error in the magnetic field estimate obtained within the measurement time is δB, then δ̃B = δB

√
τ.

Figure reproduced from [85] with permission of the American Physical Society.

In the next three sections we analyze the energy resolution for the radical-pair, the magnetite, and
the MagR mechanism. In the beginning of each section we briefly recapitulate the workings of the
relevant mechanism. To establish the ER, we extract from the literature the magnetic sensitivity δB, the
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sensor volume V, and the measurement time τ. At the end, we produce a similar map of the global
results like the one in Fig. 1.

3. Radical-Pair Mechanism

The radical-pair mechanism can provide both a scalar measurement of the magnetic field ampli-
tude, usually referred to as the “magnetic field effect” [109–113], as well as directional information. The
former might be used in a magnetic map [6], while the latter in a compass [114–117]. The experimental
evidence supporting radical-pair magnetoreception, reviewed e.g. in [6], involves disorientation by
radiofrequency magnetic fields, localization in the retina of cryptochrome proteins hosting the radical
pairs, and co-localization of cryptochrome with neuronal activity markers [118–125].

Within the perspective of the ERL we focus on the magnetic field amplitude. This does not
limit the utility of our results, since as stated in [6], “map and compass cues might not always be
as separable as previously thought”. Information on the magnetic field change is reflected in the
change in concentration of radical-pair reaction products. We remind the reader that such reactions
involve a coherent spin motion, which is influenced by the magnetic field. This spin motion is driven
by the intra-molecular magnetic fields produced by the hyperfine couplings of the two unpaired
electrons of the donor and acceptor molecule forming the radical-pair with the magnetic nuclei of
the respective molecule. The radical-pair is created by photo-excitation of the neutral precursor. The
mechanism is depicted in Figure 2a, which shows the photo-excitation step of the donor-acceptor
molecular dyad, DA, the electron transfer creating the radical-pair state D•+A•− in the singlet state
of the two unpaired electrons, the coherent spin motion SD•+A•− ↔ TD•+A•− interchanging singlet
with triplet radical-pair states, and the inverse electron transfer leading to the singlet (DA) and triplet
(TDA) reaction products.
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FIG. 2. Radical-pair mechanism and example of spin dynamics. (a) A donor-acceptor dyad, DA, is photo-excited. The
photo-excited state D∗A, leads by electron transfer to the singlet radical-pair, SD•+A•−. Intra-molecule magnetic interactions,
including the Zeeman interaction of the two unpaired electrons with the external magnetic field, drive singlet-triplet oscillations,
i.e. a coherent interconversion SD•+A•− ↔ TD•+A•−. The inverse electron transfer from A back to D leads to the neutral
recombination products through two recombination channels, the singlet (rate kS) producing DA, and the triplet (rate kT)
producing TDA. (b) Example of singlet-triplet oscillations with no recombination, for two different magnetic fields, B = 0
and B = 0.5 G. The y-axis is the singlet probability, given by Tr{ρtQS}, where ρt is the radical-pair spin density matrix
at time t, and QS the singlet projection operator. The model considered here is a radical-pair with two spin-1/2 nuclei,
one at D and one at A, the density matrix in this case having dimension 16. The Hamiltonian driving the spin motion is
H = B(sDz + sAz) + aDsD · ID + aAsA · IA, where sD and sA are the electron spins of D and A, ID and IA the nuclear spins
of D and A, and aD and aA the respective hyperfine couplings, here considered isotropic. The dynamics are described by
the unitary evolution dρ/dt = −i[H, ρ]. (c) When the recombination channels are taken into account, the singlet probability
decays, since population leaves the radical-pairs (i.e. Tr{ρ} decreases) and grows in the neutral products, DA and TDA. The
dynamics are now described by a master equation dρ/dt = −i[H, ρ] − k(QSρ + ρQS − 2QSρQS) − kρ, where the second term
produces singlet-triplet dephasing, and the third term accounts for recombination with kS = kT = k. The lifetime of the
reaction is defined as τ = 1/k. Here τ = 10 µs, aD = 10 G, aA = 1 G. (d) The singlet yield as a function of time, given by∫ t

0
kdt′Tr{ρt′QS}, is seen to grow with time as more and more radical-pairs recombine. The final yield, obtained for t ≫ τ , is

a physiological observable seen to depend on B, and thus it can convey the information on magnetic field changes.

A. Energy resolution of synthesized radical-pairs
probed with laser spectroscopy

The authors in [127] synthesized a radical-pair model
using a carotenoid-porphyrin-fullerene triad (CPF). The
porphyrin serves as an intermediate cation in the
electron-transfer process, whereas the actual radical-pair
is C•+PF•−, i.e. the carotenoid is the radical cation, and

the fullerene is the radical anion. The authors observed a
clear magnetic field effect in the radical-pair reaction at
earth’s magnetic field, albeit at 113 K, i.e. much cooler
than the physiological animal temperature. Nevertheless,
these data are perfectly suitable to apply the ERL. The
authors measured the transient absorption of the radical-
pair state at 39 µT and 49 µT. From the noise in their
data (Fig. 2c of [127]) one can estimate the magnetic

Figure 2. Radical-pair mechanism and example of spin dynamics. (a) A donor-acceptor dyad, DA,
is photo-excited. The photo-excited state D∗A, leads by electron transfer to the singlet radical-pair,
SD•+A•−. Intra-molecule magnetic interactions, including the Zeeman interaction of the two unpaired
electrons with the external magnetic field, drive singlet-triplet oscillations, i.e. a coherent intercon-
version SD•+A•− ↔ TD•+A•−. The inverse electron transfer from A back to D leads to the neutral
recombination products through two recombination channels, the singlet (rate kS) producing DA, and
the triplet (rate kT) producing TDA. (b) Example of singlet-triplet oscillations with no recombination,
for two different magnetic fields, B = 0 and B = 0.5 G. The y-axis is the singlet probability, given
by Tr{ætQS}, where ρt is the radical-pair spin density matrix at time t, and QS the singlet projection
operator. The model considered here is a radical-pair with two spin-1/2 nuclei, one at D and one at
A, the density matrix in this case having dimension 16. The Hamiltonian driving the spin motion is
H = B(sDz + sAz) + aDsD · ID + aAsA · IA, where sD and sA are the electron spins of D and A, ID and
IA the nuclear spins of D and A, and aD and aA the respective hyperfine couplings, here considered
isotropic. The dynamics are described by the unitary evolution dρ/dt = −i[H, ρ]. (c) When the
recombination channels are taken into account, the singlet probability decays, since population leaves
the radical-pairs (i.e. Tr{æ} decreases) and grows in the neutral products, DA and TDA. The dynamics
are now described by a master equation dρ/dt = −i[H, ρ]− k(QSρ + ρQS − 2QSρQS)− kρ, where the
second term produces singlet-triplet dephasing, and the third term accounts for recombination with
kS = kT = k. The lifetime of the reaction is defined as τ = 1/k. Here τ = 10 µs, aD = 10 G, aA = 1 G.
(d) The singlet yield as a function of time, given by

∫ t
0 kdt′Tr{æt′QS}, is seen to grow with time as more

and more radical-pairs recombine. The final yield, obtained for t ≫ τ, is a physiological observable
seen to depend on B, and thus it can convey the information on magnetic field changes.

The signalling mechanism conveying the change in reaction yields to higher levels of neurophysi-
ological processing is still not understood [100,126]. Therefore, as magnetic-dependent observable one
usually considers one of the two reaction yields, e.g the singlet. This is found by integrating the singlet
probability of the radical-pair state times the probability for a singlet recombination, which for a time
interval dt is given by kSdt. Similarly, the probability for triplet recombination is kTdt. The rates kS and
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kT are characteristic parameters of the specific radical-pair considered. In general they are different,
however, in many simulations they are taken equal, kS = kT ≡ k. In this case, also considered herein,
τ = 1/k is the reaction time, which will also serve as the measurement time in our ER considerations.

For completeness, in Figure 2b we depict an example of the coherent spin motion SD•+A•− ↔
TD•+A•− for an infinite radical-pair lifetime, i.e. k = 0. We plot the singlet probability as a function of
time for two different magnetic fields, to show how the field modulates the singlet-triplet mixing. In
Fiure. 2c we “turn on” the recombination channels, so in this case we observe the decay of the singlet
probability, since radical-pairs recombine and their population tends to zero, while the population of
the reaction products increases. This is shown in Fig. 2d for the singlet reaction yield, which is seen
to convey the information on the magnetic field. Indeed, for a change from B = 0 to B = 0.5 G, the
singlet reaction yield at the end of the reaction (t ≫ τ) changes by 10% (in absolute terms).

3.1. Energy Resolution of Synthesized Radical-Pairs Probed with Laser Spectroscopy

The authors in [127] synthesized a radical-pair model using a carotenoid-porphyrin-fullerene triad
(CPF). The porphyrin serves as an intermediate cation in the electron-transfer process, whereas the
actual radical-pair is C•+PF•−, i.e. the carotenoid is the radical cation, and the fullerene is the radical
anion. The authors observed a clear magnetic field effect in the radical-pair reaction at earth’s magnetic
field, albeit at 113 K, i.e. much cooler than the physiological animal temperature. Nevertheless, these
data are perfectly suitable to apply the ERL. The authors measured the transient absorption of the
radical-pair state at 39 ¯T and 49 ¯T. From the noise in their data (Fig. 2c of [127]) one can estimate the
magnetic sensitivity to be δB ≈ 2.5 ¯T. The measurement time was τ ≈ 1 ¯s, given by the duration of
the magnetic-field effect. Finally, the sensing volume of the 100 ¯M CPF solution that was probed by
the laser measuring the transient absorption of C•+PF•− was V ≈ 2 × 10−8 m−3 [128]. Thus in this
case, it is ER = (δB)2Vτ/2µ0 = 5 × 1014h̄.

The main reason for the large value of this ER is the large value of δB deriving from the specific
measurement scheme. It is known from quantum magnetometers working with atomic vapors [129]
that the number of atoms participating in the measurement is crucial. The number density of CPF
molecules, given their 100 ¯M concentration, is 6 × 1016 cm−3, two orders of magnitude higher than
the atom number density of typical optical pumping magnetometers [129], which deliver magnetic
sensitivity at the level of 1 fT. Thus, δB is not limited by the number of CPF molecules. Similarly,
atomic magnetometers have about 3-4 orders of magnitude longer relaxation time, so again, τ is not
the limiting factor here. Instead, it appears that the ER is dominated by the limited sensitivity of the
specific measurement scheme.

Indeed, the magnetic field effect is measured by detecting an optical absorption exciting the
radical-pair state into higher electronically excited states, without any discrimination between singlet
or triplet radical-pairs. That is, the magnetic field effect probes the total population of the radical-pair
state, given by Tr{æ}, where ρ is the radical-pair density matrix. It can be seen from the master
equation evolving ρ (see caption of Fig. 2) that when calculating dTr{æ}/dt, the Hamiltonian term that
contains the magnetic field drops out. When the recombination rates are equal, as in the example of
Figure 2, it is dTr{æ}/dt = −kTr{æ}, and the sensitivity of Tr{æ} to the magnetic field is identically
zero. The authors in [127] observed a magnetic field effect because for C•+PF•− it is kS ̸= kT, and the
reaction terms for unequal recombination rates indirectly produce a magnetic-field dependence of
Tr{æ}. Still, the magnetic sensitivity when measuring Tr{æ} is quite lower than detecting e.g. the
singlet product yield, as magnetoreceptive organisms are supposed to do physiologically. Additionally,
molecular excitation is not as sharp as the laser probing of atoms, hence the measurement noise appears
to be significant.

Overall, the specific ER over-satisfies the ERL bound. The values for δ̃B = δB
√

τ and the
spatial dimension L that we will use for CPF magnetoreception in our global results of Sec. VII are
δ̃B ≈ 2.5 nT/

√
Hz and L ≈ 3 mm.
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3.2. What Is δB In Vivo?

For the rest of the discussion in this and the following sections, which has to do with animal
magnetoreception, we will use a common value for the magnetic sensitivity δB, which we will now
infer from the literature. Then, in each of the subsequent models we will additionally obtain the
measurement time τ and the sensitive volume V in order to arrive at the corresponding ER.

Several studies of the radical-pair mechanism involve the compass operation resulting from
anisotropic hyperfine couplings in the radical-pair [130–132], and leading to ϕ-dependent reaction
yields, where ϕ is the angle between the magnetic field and some particular axis defined by a hyperfine
tensor. Here we do not consider the compass operation, but the estimate of the magnetic field
amplitude. For an order-of-magnitude estimate with a hand-waving approach, we could argue that if
the mechanism working as a compass has angular precision δϕ, then one could expect a magnetic field
sensitivity δB ≈ Bδϕ, where B is the background field. On average, the geomagnetic field amplitude
is B ≈ 45 ¯T. The angular precision of the compass has been estimated [46,133] as δϕ ≈ 1◦. Thus
δB ≈ 0.8 ¯T.

From another perspective, it is known from tracking migratory birds that the position accuracy
of homing attributed to long-range navigational cues is around 50 km [6,134]. The magnitude of the
geomagnetic field changes by about 3 nT/km in the north-south direction [6], thus over 50 km the
change will be δB ≈ 0.15 ¯T.

The authors in [135] mention that magnetic anomalies of earth’s field, known to be mostly at
the level of 1%, could offer navigational cues. This argument would imply δB = 0.45 ¯T. Finally, the
authors in [136] use electrophysiological recordings in the trigeminal system of birds and find a 0.2 ¯T
sensitivity, while the authors in [137] suggest sensitivities down to the 20 nT level.

The aforementioned numbers involve numerous observations with multiple species, therefore
it is virtually impossible to add an error bar weighting the above estimates. Hence we here use the
average of all of the above estimates and set δB = 0.3 ¯T.

3.3. Energy Resolution In Vivo: Cryptochrome

A prevalent model [138–151] for radical-pair based magnetoreception has been the radical-pair re-
action following electron transfer from a triad of tryptophan residues (Tr) to flavin adenine dinucleotide
(FAD), with the radical-pair FAD•−Tr•+ embedded in the protein cryptochrome (Cry), in particular
Cry4. This protein is expressed in the retina of the European robin and exhibits strong binding with
flavin [6,152–154]. Recently a tetrad of tryptophans was considered [147], and we will here use this
model, depicted in Figure 3. In the same figure we depict the known distances between the radicals,
from which we can estimate the volume of the sensor as V = 2.1 nm × (0.8 nm)2 = 1.4 × 10−27 m3.
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FIG. 3. Cryptochrome protein (shaded grey background) is
the host of the FAD•−Tr•+ radical-pair working as a mag-
netic sensor. Center-to-center distances between FAD and
tryptophans are known and provide the overall volume of the
sensor. We estimate the length of the sensor from the FAD-
W369 distance (21.3 Å) and the width from the W372-W369
distance projected on the y-axis (8 Å). Figure reproduced
from [147] under the Creative Commons Attribution License.

rotational motion of the radical-pair, in particular FAD,
and taking into account the sharp “needle” described in
[46]. The latter is an impressively sharp feature appear-
ing in the angular dependence of the reaction yields for
lifetimes larger than τ = 5 µs, when the realistic hyper-
fine tensors for FAD•−Tr•+ are used. If we allow our-
selves to hypothesize, it seems unlikely that Nature did
not evolve to take advantage of this feature. Based on
all of the above, we here set τ = 10 µs.

Putting it altogether, it follows that ER = 4.8×10−6ℏ.
Is the ERL violated? Not at all. The previous result
shows that the signal from at least N0

cry = 1/(4.8 ×
10−6) ≈ 2 × 105 cryptochrome proteins must be physio-
logically integrated in order to obtain the magnetic sen-
sitivity δB within the time τ . This is exactly the utility
of the ERL, it informs the workings of this magnetore-
ception mechanism in model-independent ways. If, for
example, it is found that indeed there are only N0

cry pro-
teins contributing, then cryptochrome magnetoreception
will be working right at the quantum limit. On the other
hand, it is found that there are e.g. ten times as many
proteins contributing, then cryptocrhome magnetorecep-
tion will be working at the level of 10ℏ, and there is in
principle room for a ten-fold improvement, were one to
mimic Nature.

Overall, the values for δ̃B = δB
√
τ and the spatial

dimension L that we will use for cryptochrome mag-
netoreception in our global results of Sec. VII are

δ̃B ≈ 1 nT/
√
Hz and L = (NcryV )1/3 ≥ 66 nm, where

Ncry the number of cryptochrome proteins contributing
to the estimate of the magnetic field, and necessarily, it
is Ncry ≥ N0

cry.

D. Comment on the sensor volume

One might rightly wonder why in the discussion of CPF
in Sec. III.A we considered the whole volume of the so-
lution probed by the laser, whereas in the discussion of
cryptochrome in Sec. III.C we counted individual sen-
sors, i.e. we multiplied the volume of the FAD•−Tr•+

sensor with the number of such sensors, which is the num-
ber of cryptochrome proteins involved in magnetorecep-
tion. An analogy with optical pumping magnetometers
[129] will facilitate this discussion.
Such magnetometers, schematically shown in Fig. 4a,

involve atomic spins in the vapor phase, with the atomic
vapor enclosed in a glass cell. The atoms’ spin state, con-
veying information about the magnetic field, is probed by
a laser. One can use a photodiode detecting the whole
laser beam, alternatively, one can use a photodiode ar-
ray (Fig. 4b). The array consists of n photosensitive
elements. If one detects the individual signals s1, s2, ...,
sn, then each signal conveys information about the mag-
netic field experienced by the atoms inside the volume
defined by the area of one element and the laser path
length through the vapor (Fig. 4c). If, on the other
hand, the n individual signals are integrated (Fig. 4d),
information about the magnetic field within the afore-
mentioned elementary volumes is lost, and the sensitive
volume is now defined by the laser path length in the
vapor and the whole area of the photodiode array (es-
sentially, this is the total vapor volume, when the laser
beam waist covers the whole cell).
Biological systems have devised such integration mech-

anisms. For example (Fig. 4e), rod cells in the retina are
integrated by bipolar cells. Going back to magnetorecep-
tion, if a number of magnetoreceptive elements are inte-
grated and thus contribute as a whole to the biochemical
signal conveying a magnetic field change (B → B + δB)
to the animal’s brain, then the sensitive volume is the
volume of each element times their number. But then,
in atomic sensors why isn’t the sensitive volume defined

by the atomic volume (about 1 Å
3
) times the number of

atoms in the vapor, but instead [85], it is defined by the
volume occupied by the whole vapor ?
A more fundamental way to address this issue is the

following. In the derivation of the ERL presented in [104],
it is shown that it is the information flow between “sys-
tem” and “meter” that plays a crucial role. In quantum
measurements, two parties are involved in the measure-
ment process, the “system” e.g. the spin, and another
physical object interacting with the system, called the
“meter”. Due to their interaction, information about the
system’s state is encoded in the meter. The informa-
tion flow between system and meter takes place inside
the sensitive volume during the measurement time. In
atomic vapors the meter is another atom of the vapor
itself, with every atom experiencing many collisions with
other atoms and exchanging information about each oth-
ers’ spin state, while relaxing the spin. It is thus all kinds
of binary collisions within the whole vapor that drive

Figure 3. Cryptochrome protein (shaded grey background) is the host of the FAD•−Tr•+ radical-pair
working as a magnetic sensor. Center-to-center distances between FAD and tryptophans are known
and provide the overall volume of the sensor. We estimate the length of the sensor from the FAD-W369
distance (21.3 ) and the width from the W372-W369 distance projected on the y-axis (8 ). Figure
reproduced from [147] under the Creative Commons Attribution License.

Lastly, we need to estimate the measurement time τ, given by the lifetime of the FAD•−Tr•+

radical-pair. The lifetime of FAD•−Tr•+ in vivo is not yet known. In vitro measurements at 1 ◦C report
6 µs [155,156]. As suggested in [157], a lower bound on τ is given by the electron spin precession
time in earth’s field, which is 0.7 µs. The authors in [158] find an operational window of the compass
for τ = 10 µs, given the relaxation produced by rotational motion of the radical-pair, in particular
FAD, and taking into account the sharp “needle” described in [46]. The latter is an impressively sharp
feature appearing in the angular dependence of the reaction yields for lifetimes larger than τ = 5 µs,
when the realistic hyperfine tensors for FAD•−Tr•+ are used. If we allow ourselves to hypothesize, it
seems unlikely that Nature did not evolve to take advantage of this feature. Based on all of the above,
we here set τ = 10 µs.

Putting it altogether, it follows that ER = 4.8× 10−6h̄. Is the ERL violated? Not at all. The previous
result shows that the signal from at least N0

cry = 1/(4.8 × 10−6) ≈ 2 × 105 cryptochrome proteins
must be physiologically integrated in order to obtain the magnetic sensitivity δB within the time τ.
This is exactly the utility of the ERL, it informs the workings of this magnetoreception mechanism in model-
independent ways. If, for example, it is found that indeed there are only N0

cry proteins contributing, then
cryptochrome magnetoreception will be working right at the quantum limit. On the other hand, it is
found that there are e.g. ten times as many proteins contributing, then cryptocrhome magnetoreception
will be working at the level of 10h̄, and there is in principle room for a ten-fold improvement, were one
to mimic Nature.

Overall, the values for δ̃B = δB
√

τ and the spatial dimension L that we will use for cryptochrome
magnetoreception in our global results of Sec. VII are δ̃B ≈ 1 nT/

√
Hz and L = (NcryV)1/3 ≥ 66 nm,

where Ncry the number of cryptochrome proteins contributing to the estimate of the magnetic field,
and necessarily, it is Ncry ≥ N0

cry.

3.4. Comment on the Sensor Volume

One might rightly wonder why in the discussion of CPF in Sec. III.A we considered the whole
volume of the solution probed by the laser, whereas in the discussion of cryptochrome in Sec. III.C we
counted individual sensors, i.e. we multiplied the volume of the FAD•−Tr•+ sensor with the number
of such sensors, which is the number of cryptochrome proteins involved in magnetoreception. An
analogy with optical pumping magnetometers [129] will facilitate this discussion.

Such magnetometers, schematically shown in Figure 4a, involve atomic spins in the vapor phase,
with the atomic vapor enclosed in a glass cell. The atoms’ spin state, conveying information about
the magnetic field, is probed by a laser. One can use a photodiode detecting the whole laser beam,
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alternatively, one can use a photodiode array (Figure 4b). The array consists of n photosensitive
elements. If one detects the individual signals s1, s2, ..., sn, then each signal conveys information about
the magnetic field experienced by the atoms inside the volume defined by the area of one element and
the laser path length through the vapor (Figure 4c). If, on the other hand, the n individual signals are
integrated (Figure 4d), information about the magnetic field within the aforementioned elementary
volumes is lost, and the sensitive volume is now defined by the laser path length in the vapor and the
whole area of the photodiode array (essentially, this is the total vapor volume, when the laser beam
waist covers the whole cell).

7
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FIG. 4. (a) Sensitive volume in atomic vapor magnetometers.
An ensemble of spins in an atomic vapor is enclosed in a cell
and probed by a laser, which is detected by (b) a photodiode
array. (c) If one measures the individual signals, s1, s2, ...,
sn, produced by the array, then the sensitive volume is deter-
mined by the area of one photosensitive element and the laser
path length in the vapor. (d) If one integrates the n signals
produced by the array, the sensitive volume is determined by
the whole area of the photodiode array and the path length,
essentially the total volume of the vapor (if the laser waist
covers the whole cell). (e) In the retina, rod cells are simi-
larly integrated by bipolar cells (figure reproduced from [159]
under the Creative Commons Attribution License).

these effects. The probing laser cannot resolve these lo-
cal effects, hence the sensitive volume is defined by the
volume of the whole vapor.

Equivalently, within the spin coherence time one atom
in the vapor samples a volume much larger than the
atomic volume itself. For example, such vapors usually
include a buffer gas to eliminate spin relaxation at the
cell walls. Even for buffer gas pressures as large as e.g. 5
atm, the diffusion constant of alkali vapors in e.g. nitro-
gen is D ≈ 0.06 cm2/s, thus the atom samples a volume
of (DT2)

3/2 ≈ 10−22 m3 within the spin coherence time of
about T2 ≈ 10 ms. This volume is 8 orders of magnitude
larger than the atomic volume.

In the case of radical-pairs in cryptocrhome, it is the re-
action products that convey the information on the mag-
netic field, and these are initially localized in the volume
defined earlier. The FAD•−Tr•+ radical-pair is also local-
ized in its protein host. The reaction products could dif-
fuse elsewhere, and they might trigger many more infor-
mation transfer processes, but fundamentally, the termi-
nation of the measurement is the end of the reaction, tak-
ing place within the volume defined by FAD•−Tr•+. Put
differently, it is hard to suggest any “non-local” interac-
tions that would affect spin dynamics of one FAD•−Tr•+

radical-pair hosted in one cryptochrome, with another
pair hosted in another cryptochrome, which is about 10
nm away (the size of cryptochrome, 5 times as large as

the size of FAD•−Tr•+). This is because interactions like
exchange or dipolar fade away with distance fast enough
[160] to have an appreciable inter-cryptochrome effect.
Even if we consider a free radical at the “outskirts”

of cryptochrome, i.e. a distance of 10 nm away from
the FAD•−Tr•+ pair, the dipolar magnetic field produced
would be about 10 µT, comparable to earth’s field, hard
to reconcile with a working magnetoreceptor. In a nut-
shell, the assumption that spin relaxation in FAD•−Tr•+

is local seems rather likely. In such case, the mag-
netoreceptor’s volume is Ncry times the volume of the
radical-pair molecule. Essentially, the total volume scal-
ing as Ncry means that the magnetic sensitivity δB scales

as 1/
√
Ncry, which is the standard statistical gain over

many independent repetitions of a measurement.
In the case of CPF, on the other hand, the typical dis-

tance between molecules is 25 nm, while the size of CPF
is about 8 nm, and solvation effects in electron-transfer
dynamics can make non-local effects more pronounced
compared to cryptocrhome. The probing laser does not
resolve such effects, thus we defined the sensitive volume
with the volume of the solution probed by the laser.

IV. MAGNETITE MECHANISM

The magnetite mechanism is based on the idea of a
small permanent magnet moving like a compass needle
due to its interaction with the geomagnetic field [48].
Magnetotactic bacteria use magnetite or greigite parti-
cles for navigating in the aquatic environment [161–165].
It was the presence of ferrimagnetic materials in numer-
ous magnetoreceptive animal species [166–171] that in-
spired the magnetite mechanism [172–174].
Since such materials were located in the upper beak,

in particular in the ophthalmic nerve (Fig. 5a) of birds
[175–178], the general physical process that emerged as-
sumes motion of the magnetic material caused by earth’s
field, and detection of this motion by neurophysiological
means [179–182].
We will here consider a representative such model. The

authors in [183] consider superparamagnetic clusters of
size 1 µm, in particular a chain of 20 such clusters sepa-
rated by about 1.6 µm. Thus, the volume of the sensor
is V ≈ 20 × 1.6 µm × π(0.5 µm)2 ≈ 3 × 10−17 m3. The
superparamagnetic particles are supposed to be attached
to a neuron’s membrane, as shown in Fig. 5b depicting
the geometry at zero applied field. For a non-zero mag-
netic field along the chain, the particles are magnetized
as shown in Fig. 5c, pulling each other and deforming
the membrane [184]. This deformation could alter the
open/closed probability of ion channels, and thus con-
vey the magnetic field change to the brain via action
potentials. The authors estimate a force acting between
the clusters of order Fm = 10−13χ2 N, where χ is the
susceptibility of the superparamagnetic material. From
relevant measurements [185] it follows that χ ≈ 1, thus
Fm ≈ 10−13 N.

Figure 4. (a) Sensitive volume in atomic vapor magnetometers. An ensemble of spins in an atomic
vapor is enclosed in a cell and probed by a laser, which is detected by (b) a photodiode array. (c) If
one measures the individual signals, s1, s2, ..., sn, produced by the array, then the sensitive volume is
determined by the area of one photosensitive element and the laser path length in the vapor. (d) If
one integrates the n signals produced by the array, the sensitive volume is determined by the whole
area of the photodiode array and the path length, essentially the total volume of the vapor (if the laser
waist covers the whole cell). (e) In the retina, rod cells are similarly integrated by bipolar cells (figure
reproduced from [159] under the Creative Commons Attribution License).

Biological systems have devised such integration mechanisms. For example (Fig. 4e), rod
cells in the retina are integrated by bipolar cells. Going back to magnetoreception, if a number of
magnetoreceptive elements are integrated and thus contribute as a whole to the biochemical signal
conveying a magnetic field change (B → B + δB) to the animal’s brain, then the sensitive volume is the
volume of each element times their number. But then, in atomic sensors why isn’t the sensitive volume
defined by the atomic volume (about 1 3) times the number of atoms in the vapor, but instead [85], it is
defined by the volume occupied by the whole vapor ?

A more fundamental way to address this issue is the following. In the derivation of the ERL
presented in [104], it is shown that it is the information flow between “system” and “meter” that plays
a crucial role. In quantum measurements, two parties are involved in the measurement process, the
“system” e.g. the spin, and another physical object interacting with the system, called the “meter”.
Due to their interaction, information about the system’s state is encoded in the meter. The information
flow between system and meter takes place inside the sensitive volume during the measurement time.
In atomic vapors the meter is another atom of the vapor itself, with every atom experiencing many
collisions with other atoms and exchanging information about each others’ spin state, while relaxing
the spin. It is thus all kinds of binary collisions within the whole vapor that drive these effects. The
probing laser cannot resolve these local effects, hence the sensitive volume is defined by the volume of
the whole vapor.
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Equivalently, within the spin coherence time one atom in the vapor samples a volume much larger
than the atomic volume itself. For example, such vapors usually include a buffer gas to eliminate
spin relaxation at the cell walls. Even for buffer gas pressures as large as e.g. 5 atm, the diffusion
constant of alkali vapors in e.g. nitrogen is D ≈ 0.06 cm2/s, thus the atom samples a volume of
(DT2)

3/2 ≈ 10−22 m3 within the spin coherence time of about T2 ≈ 10 ms. This volume is 8 orders of
magnitude larger than the atomic volume.

In the case of radical-pairs in cryptocrhome, it is the reaction products that convey the information
on the magnetic field, and these are initially localized in the volume defined earlier. The FAD•−Tr•+

radical-pair is also localized in its protein host. The reaction products could diffuse elsewhere, and
they might trigger many more information transfer processes, but fundamentally, the termination of
the measurement is the end of the reaction, taking place within the volume defined by FAD•−Tr•+.
Put differently, it is hard to suggest any “non-local” interactions that would affect spin dynamics
of one FAD•−Tr•+ radical-pair hosted in one cryptochrome, with another pair hosted in another
cryptochrome, which is about 10 nm away (the size of cryptochrome, 5 times as large as the size of
FAD•−Tr•+). This is because interactions like exchange or dipolar fade away with distance fast enough
[160] to have an appreciable inter-cryptochrome effect.

Even if we consider a free radical at the “outskirts” of cryptochrome, i.e. a distance of 10 nm away
from the FAD•−Tr•+ pair, the dipolar magnetic field produced would be about 10 µT, comparable to
earth’s field, hard to reconcile with a working magnetoreceptor. In a nutshell, the assumption that spin
relaxation in FAD•−Tr•+ is local seems rather likely. In such case, the magnetoreceptor’s volume is
Ncry times the volume of the radical-pair molecule. Essentially, the total volume scaling as Ncry means
that the magnetic sensitivity δB scales as 1/

√
Ncry, which is the standard statistical gain over many

independent repetitions of a measurement.
In the case of CPF, on the other hand, the typical distance between molecules is 25 nm, while

the size of CPF is about 8 nm, and solvation effects in electron-transfer dynamics can make non-local
effects more pronounced compared to cryptocrhome. The probing laser does not resolve such effects,
thus we defined the sensitive volume with the volume of the solution probed by the laser.

4. Magnetite Mechanism

The magnetite mechanism is based on the idea of a small permanent magnet moving like a
compass needle due to its interaction with the geomagnetic field [48]. Magnetotactic bacteria use
magnetite or greigite particles for navigating in the aquatic environment [161–165]. It was the presence
of ferrimagnetic materials in numerous magnetoreceptive animal species [166–171] that inspired the
magnetite mechanism [172–174].

Since such materials were located in the upper beak, in particular in the ophthalmic nerve (Figure
5a) of birds [175–178], the general physical process that emerged assumes motion of the magnetic
material caused by earth’s field, and detection of this motion by neurophysiological means [179–182].
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FIG. 5. (a) Axon bundle with several iron containing den-
drites (figure reproduced from [176] under the Creative Com-
mons Attribution License). (b) Magnetoreception model
based on a chain of superparamagnetic clusters attached to a
membrane [183]. (c) When the magnetic field is non-zero and
points along the chain, the clusters get magnetized along the
same direction and attract each other, deforming the mem-
brane and conveying the magnetic field change by changing
ion-channel currents. If the magnetic field points perpendicu-
lar to the chain (not shown here), the clusters repel each other.
(d) Geometry of the MagR-cryptochrome protein complex as
derived from the measurements presented in [56].

To evaluate the measurement time τ we neglect the
elastic properties of the filaments attaching the clusters
to the membrane and consider just two forces acting on
the spherical cluster, the magnetic force Fm and the drag
force of the cytoplasm Fd. The latter is given by Fd =
6πηcrv, where ηc ≈ 3.5 × 10−3 Ns/m2 is the cytoplasm
viscosity, known to be 5 times that of water [186], v the
sphere’s velocity, and r its radius. The sphere, of mass
density about ρs = 5 g/cm3, reaches its terminal velocity,
v = Fm/6πηcr ≈ 3 µm/s, within time 2ρsr

2/9ηc ≈ 30 ns.

We now assume that the measurement time is given by
the time it takes for the sphere to travel a distance equal
to the ion-channel’s width of order 1 nm [187]. Using the
value of the terminal velocity we find τ ≈ 0.3 ms. In fact,
this timescale also reflects the typical frequency of elastic
vibrations of the membrane. Indeed, the authors in [188]
measure a fundamental flexural frequency of about 10
kHz for a cell having diameter 10 µm. If the surface of
the deformed membrane considered herein is determined
by the length of the chain, i.e. 32 µm × 32 µm, and
considering that the frequency is inversely proportional
to the square root of the membrane’s mass (and thus its
surface area), we find a flexural mode of 5.5 kHz for our
case, translating to τ ≈ 0.2 ms. We thus set τ = 0.3 ms.
Putting it altogether, it follows that ER = 3 × 106ℏ.

We note that works like [189, 190] questioned aspects of
magnetite-based magnetoreception. From the perspec-
tive of the ERL, the particular mechanism examined here
is physically allowed, nevertheless, it should be obvious
that the ERL does not prove the mechanism is actually
realized as thought at the physiological level. Moreover,
the ERL demonstrates that this mechanism requires just
one unit of this sensor (i.e. just one chain of superpara-
magnetic clusters) for obtaining the magnetic sensitivity
δB within the time τ .
Overall, the values for δ̃B = δB

√
τ and the spatial di-

mension L that we will use for magnetite magnetorecep-

tion in our global results of Sec. VII are δ̃B ≈ 5 nT/
√
Hz

and L = V 1/3 = 3 µm.

V. MAGR

The authors in [56, 191–194] used genome-wide screen-
ing and a tour-de-force experimental validation to dis-
cover an iron-sulphur cluster protein, called MagR, which
forms a rod-like complex with cryptochromes. The ge-
ometry of the rod is shown in Fig. 5d. It has a
length of 25 nm and diameter of 12 nm, thus volume
V = 3 × 10−24 m3. The workings of this complex are
not yet understood. It might turn out that the cryp-
tochromes work synergistically with MagR, in some sort
of synthesis of the two mechanisms considered previously.
We here make this working assumption. Since (i) the
biophysics of the MagR complex remains to be unrav-
elled, and (ii) the cryptochrome magnetoreception has a
τ about one order of magnitude smaller than the τ of
the magnetite mechanism, we here use as measurement
time τ the geometric mean of these two numbers, i.e.
τ = 80 µs. The resulting ER is 0.08ℏ, meaning that just
N0

MagR = 1/0.08 = 12 complexes need to be integrated
for the mechanism to hit the ERL bound.
Overall, the values for δ̃B = δB

√
τ and the spatial

dimension L that we will use for MagR magnetoreception

in our global results of Sec. VII are δ̃B ≈ 2 nT/
√
Hz and

L = (NMagRV )1/3 ≥ 33 nm, where NMagR is the number
of MagR complexes contributing to the estimate of the
magnetic field, and necessarily, it is NMagR ≥ N0

MagR.

Figure 5. (a) Axon bundle with several iron containing dendrites (figure reproduced from [176]
under the Creative Commons Attribution License). (b) Magnetoreception model based on a chain of
superparamagnetic clusters attached to a membrane [183]. (c) When the magnetic field is non-zero and
points along the chain, the clusters get magnetized along the same direction and attract each other,
deforming the membrane and conveying the magnetic field change by changing ion-channel currents.
If the magnetic field points perpendicular to the chain (not shown here), the clusters repel each other.
(d) Geometry of the MagR-cryptochrome protein complex as derived from the measurements presented
in [56].

We will here consider a representative such model. The authors in [183] consider superparamag-
netic clusters of size 1 µm, in particular a chain of 20 such clusters separated by about 1.6 µm. Thus,
the volume of the sensor is V ≈ 20 × 1.6 µm × π(0.5 µm)2 ≈ 3 × 10−17 m3. The superparamagnetic
particles are supposed to be attached to a neuron’s membrane, as shown in Figure 5b depicting the
geometry at zero applied field. For a non-zero magnetic field along the chain, the particles are magne-
tized as shown in Figure 5c, pulling each other and deforming the membrane [184]. This deformation
could alter the open/closed probability of ion channels, and thus convey the magnetic field change
to the brain via action potentials. The authors estimate a force acting between the clusters of order
Fm = 10−13χ2 N, where χ is the susceptibility of the superparamagnetic material. From relevant
measurements [185] it follows that χ ≈ 1, thus Fm ≈ 10−13 N.

To evaluate the measurement time τ we neglect the elastic properties of the filaments attaching
the clusters to the membrane and consider just two forces acting on the spherical cluster, the magnetic
force Fm and the drag force of the cytoplasm Fd. The latter is given by Fd = 6πηcrv, where ηc ≈
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3.5 × 10−3 Ns/m2 is the cytoplasm viscosity, known to be 5 times that of water [186], v the sphere’s
velocity, and r its radius. The sphere, of mass density about ρs = 5 g/cm3, reaches its terminal velocity,
v = Fm/6πηcr ≈ 3 µm/s, within time 2ρsr2/9ηc ≈ 30 ns.

We now assume that the measurement time is given by the time it takes for the sphere to travel a
distance equal to the ion-channel’s width of order 1 nm [187]. Using the value of the terminal velocity
we find τ ≈ 0.3 ms. In fact, this timescale also reflects the typical frequency of elastic vibrations of
the membrane. Indeed, the authors in [188] measure a fundamental flexural frequency of about 10
kHz for a cell having diameter 10 µm. If the surface of the deformed membrane considered herein
is determined by the length of the chain, i.e. 32 µm × 32 µm, and considering that the frequency is
inversely proportional to the square root of the membrane’s mass (and thus its surface area), we find a
flexural mode of 5.5 kHz for our case, translating to τ ≈ 0.2 ms. We thus set τ = 0.3 ms.

Putting it altogether, it follows that ER = 3 × 106h̄. We note that works like [189,190] questioned
aspects of magnetite-based magnetoreception. From the perspective of the ERL, the particular mech-
anism examined here is physically allowed, nevertheless, it should be obvious that the ERL does
not prove the mechanism is actually realized as thought at the physiological level. Moreover, the
ERL demonstrates that this mechanism requires just one unit of this sensor (i.e. just one chain of
superparamagnetic clusters) for obtaining the magnetic sensitivity δB within the time τ.

Overall, the values for δ̃B = δB
√

τ and the spatial dimension L that we will use for magnetite
magnetoreception in our global results of Sec. VII are δ̃B ≈ 5 nT/

√
Hz and L = V1/3 = 3 µm.

5. MagR

The authors in [56,191–194] used genome-wide screening and a tour-de-force experimental vali-
dation to discover an iron-sulphur cluster protein, called MagR, which forms a rod-like complex with
cryptochromes. The geometry of the rod is shown in Figure 5d. It has a length of 25 nm and diameter
of 12 nm, thus volume V = 3 × 10−24 m3. The workings of this complex are not yet understood. It
might turn out that the cryptochromes work synergistically with MagR, in some sort of synthesis of
the two mechanisms considered previously. We here make this working assumption. Since (i) the
biophysics of the MagR complex remains to be unravelled, and (ii) the cryptochrome magnetoreception
has a τ about one order of magnitude smaller than the τ of the magnetite mechanism, we here use as
measurement time τ the geometric mean of these two numbers, i.e. τ = 80 µs. The resulting ER is
0.08h̄, meaning that just N0

MagR = 1/0.08 = 12 complexes need to be integrated for the mechanism to
hit the ERL bound.

Overall, the values for δ̃B = δB
√

τ and the spatial dimension L that we will use for MagR
magnetoreception in our global results of Sec. VII are δ̃B ≈ 2 nT/

√
Hz and L = (NMagRV)1/3 ≥ 33 nm,

where NMagR is the number of MagR complexes contributing to the estimate of the magnetic field, and
necessarily, it is NMagR ≥ N0

MagR.

6. Global ER MAP for biological magnetoreception

In Figure 6 we present the global map of the spectral magnetic sensitivity given by δ̃B = δB
√

τ as a
function of the sensor’s linear dimension L for all sensing mechanisms we have considered. We remind
the reader that we used a common value for the magnetic sensitivity, δB = 0.3 µT. The parameters
that differ for each sensing mechanism are the measurement time τ and the linear dimension L. From
the global map we can draw a number of conclusions.
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FIG. 6. Magnetic sensitivity δ̃B = δB
√
τ as a function of L, the linear dimension of the sensor, for several mechanisms

considered in animal magnetoreception. The red solid line defines the energy resolution limit given by δ̃B =
√

2µ0ℏ/L3.
Cryptochrome magnetoreception based on the FAD-Tr radical-pair sits right at the limit when N0

cry = 2× 105 cryptochromes
contribute to a magnetic sensitivity of δB = 0.3 µT within time τ = 10 µs. If the number of contributing cryptochromes is e.g.
103 times larger than N0

cry, the total volume of the radical-pair sensor, and thus the ERL, also increases by 103, while the linear
dimension by 10. This is depicted by the green/blue arrows pointing towards increasing linear dimension. The blue arrow shows
the ER in units of ℏ, and the green arrow the ratio Ncry/N

0
cry. Similar comments apply to the MagR sensor, shown to hit the

ERL when only N0
MagR = 12 MagR-protein complexes contribute to detecting the same δB within τ = 80 µs. For the magnetite

mechanism involving a chain of superparamagnetic clusters it is δ̃B = 5 nT/
√
Hz for a linear dimension of 3 µm. The laser

spectroscopic measurement of CPF takes place in a solution of 3 mm linear dimension, with the corresponding sensitivity being

δ̃B = 2.5 nT/
√
Hz. Picture of cryptochrome protein adapted from [149] under the Creative Commons Attribution License.

VI. GLOBAL ER MAP FOR BIOLOGICAL
MAGNETORECEPTION

In Fig. 6 we present the global map of the spectral

magnetic sensitivity given by δ̃B = δB
√
τ as a func-

tion of the sensor’s linear dimension L for all sensing
mechanisms we have considered. We remind the reader
that we used a common value for the magnetic sensitiv-
ity, δB = 0.3 µT. The parameters that differ for each
sensing mechanism are the measurement time τ and the
linear dimension L. From the global map we can draw a
number of conclusions.

From the perspective of the ERL, the radical-pair mag-
netoreception can indeed be “quantum”, if the number
Ncry of cryptochromes participating in the sensing is
Ncry = N0

cry = 2 × 105 (which number depends on the

specific values of δB and τ). For Ncry > N0
cry, the en-

ergy resolution grows beyond ℏ, and the “quantumness”
is reduced. Similar comments apply to the MagR sen-

sor, with the relevant minimum number of contributing
complexes being N0

MagR = 12.
The magnetite mechanism, and even more so the CPF

measurement appear to be more “classical”, which is
probably not surprising. Nevertheless, the ER of the
magnetite mechanism stands at the level of 106ℏ, which
is not too far from the quantum limit. As interactions of
magnetized materials with the magnetic field are at their
core quantum, one could imagine pushing the magnetite
mechanism closer to the quantum limit with biomimetic
engineering.

VII. CONCLUSIONS

Magnetometry is an increasingly active field of quan-
tum technology, with several magnetic sensing technolo-
gies competing in terms of sensitivity and applications
in fundamental and applied science. The energy res-

Figure 6. Magnetic sensitivity δ̃B = δB
√

τ as a function of L, the linear dimension of the sensor, for
several mechanisms considered in animal magnetoreception. The red solid line defines the energy
resolution limit given by δ̃B =

√
2µ0h̄/L3. Cryptochrome magnetoreception based on the FAD-

Tr radical-pair sits right at the limit when N0
cry = 2 × 105 cryptochromes contribute to a magnetic

sensitivity of δB = 0.3 µT within time τ = 10 µs. If the number of contributing cryptochromes is
e.g. 103 times larger than N0

cry, the total volume of the radical-pair sensor, and thus the ERL, also
increases by 103, while the linear dimension by 10. This is depicted by the green/blue arrows pointing
towards increasing linear dimension. The blue arrow shows the ER in units of h̄, and the green arrow
the ratio Ncry/N0

cry. Similar comments apply to the MagR sensor, shown to hit the ERL when only
N0

MagR = 12 MagR-protein complexes contribute to detecting the same δB within τ = 80 µs. For the

magnetite mechanism involving a chain of superparamagnetic clusters it is δ̃B = 5 nT/
√

Hz for a linear
dimension of 3 µm. The laser spectroscopic measurement of CPF takes place in a solution of 3 mm
linear dimension, with the corresponding sensitivity being δ̃B = 2.5 nT/

√
Hz. Picture of cryptochrome

protein adapted from [149] under the Creative Commons Attribution License.

From the perspective of the ERL, the radical-pair magnetoreception can indeed be “quantum”,
if the number Ncry of cryptochromes participating in the sensing is Ncry = N0

cry = 2 × 105 (which
number depends on the specific values of δB and τ). For Ncry > N0

cry, the energy resolution grows
beyond h̄, and the “quantumness” is reduced. Similar comments apply to the MagR sensor, with the
relevant minimum number of contributing complexes being N0

MagR = 12.
The magnetite mechanism, and even more so the CPF measurement appear to be more “classical”,

which is probably not surprising. Nevertheless, the ER of the magnetite mechanism stands at the level
of 106h̄, which is not too far from the quantum limit. As interactions of magnetized materials with the
magnetic field are at their core quantum, one could imagine pushing the magnetite mechanism closer
to the quantum limit with biomimetic engineering.

7. Conclusions

Magnetometry is an increasingly active field of quantum technology, with several magnetic
sensing technologies competing in terms of sensitivity and applications in fundamental and applied
science. The energy resolution is a concept unifying numerous magnetic sensing technologies. Nature
has also developed magnetometers, since the geomagnetic field offers a rather stable navigation cue.
Here we made the connection between the energy resolution limit, a concept developed by the quantum
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sensing community, with biological magnetoreception. We thus arrived at a model-independent
consistency check, which informs the workings of several mechanisms aspiring to explain animal
magnetoreception. The energy resolution of each magnetoreception mechanism not only provides
information about uncertain system parameters, but also illuminates the room for improvement, were
one to design a biomimetic sensor. Our considerations thus offer a new perspective on quantum
biology, synthesizing quantum sensing with biological sensing, and highlighting the future potential
of such synthesis.

In particular, the most obvious utility of the energy resolution limit is to extract information about
unknown system parameters. For example, given the magnetic sensitivity and the measurement time
of the cryptochrome and MagR magnetoreceptors, we extract for the first time the minimum number
of magnetoreceptors required for sensing, since it is this minimum number that is required to satisfy
the ERL bound. Conversely, the fact that a given magnetic sensing model might satisfy the ERL, as
for example the magnetite model does, is not proof that the model is correct, but merely shows it is a
physically viable model.

The results presented here will evolve together with a more precise understanding of the relevant
parameters expected from future experiments in vivo and in vitro. For example, we used a common
value for the magnetic sensitivity δB applicable to all magnetoreception mechanisms and animal
species. This might be better specified in the future, however the utility of the ERL will be the same,
still helping to constrain the sensor’s three parameters involving sensitivity, volume and measurement
time.

From the quantum engineering perspective, the ERL informs about the extent that a given
naturally appearing magnetoreception mechanism can be improved if one develops biomimetic
sensors. This work can thus support quantum biotechnology inspired by Nature.

Acknowledgments: We kindly acknowledge helpful comments by Kevin Henbest, Peter Hore and Michael
Winklhofer.
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