
Magnetoreception mechanisms in
birds – towards the discovery of

the sixth sense

Dissertation

zur Erlangung des Doktorgrades

der Naturwissenschaften

vorgelegt beim Fachbereich Physik

der Johann Wolfgang Goethe–Universität

in Frankfurt am Main

von

Ilia A. Solov’yov

aus St. Petersburg, Russland

Frankfurt am Main
2008

(D30)



vom Fachbereich Physik der
Johann Wolfgang Goethe–Universität, Frankfurt am Main, als
Dissertation angenommen.

Dekan: Prof. Dr. Wolf Aßmus

Gutachter: Prof. Dr. Dr. h.c. mult Walter Greiner, Prof.
Dr. Klaus Schulten, Prof. Dr. Günther Fleissner

Datum der Disputation: 04.02.2008



for Notes





Abstract

This work is devoted to the description of mechanisms that might be responsible

for avian magnetoreception. Two possible theoretical concepts underlying this phe-

nomenon are formulated and their functionality is proven in realistic geomagnetic

fields.

It has been suggested that the “magnetic sense” in birds may be mediated by

the blue light receptor protein – cryptochrome – which is known to be localized in

the retinas of migratory birds. Cryptochromes are a class of photoreceptor signaling

proteins that are found in a wide variety of organisms and which primarily perform

regulatory functions, such as the entrainment of circadian rhythm in mammals and

the inhibition of hypocotyl growth in plants. Recent experiments have shown that

the activity of cryptochrome-1 in Arabidopsis thaliana is enhanced by the presence

of a weak external magnetic field, confirming the ability of cryptochrome to mediate

magnetic field responses. Cryptochrome’s signaling is tied to the photoreduction

of an internally bound chromophore, flavin adenine dinucleotide (FAD). The spin

chemistry of this photoreduction process, which involves electron transfer from a

chain of three tryptophans, is modulated by the presence of a magnetic field in

an effect known as the radical pair mechanism. Cryptochrome was suggested as a

possible magnetoreceptor for the first time in Ref. [1]. However, no realistic cal-

culations of the magnetic field effect in cryptochrome were performed. One of the

goals of the present thesis is computationally to study the electron spin dynamics in

cryptochrome and to show the feasibility of a cryptochrome-based compass in birds.

In particular, the activation yield of cryptochrome was studied as a function of an

external magnetic field and it was shown that the activation of the protein can be

influenced by the geomagnetic field. In the work it has also been proven that cryp-

tochrome provides an inclination compass, which is necessary for bird orientation.

The evolution of spin densities as a function of time is also discussed.

An alternative mechanism of avian magnetoreception discussed in the thesis is

based on the interaction of two iron minerals (magnetite and maghemite) which were
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only recently found in subcellular compartments within the sensory dendrites of the

upper beak of several bird species. The iron minerals in the beak form platelets of

crystalline maghemite and assemblies of magnetite nanoparticles (magnetite clus-

ters). The interaction between these particles can be manipulated by an external

magnetic field inducing a primary receptor potential via strain-sensitive membrane

channels that lead to a certain bird orientation effect. Various properties of the

magnetite/maghemite magnetoreceptor system have been considered: the poten-

tial energy surface of the magnetite cluster has been calculated and analyzed as a

function of the orientation of an external magnetic field; the forces acting on the

magnetite cluster were calculated and analyzed; the force differences caused by the

change of the direction of external magnetic field were established; the probabil-

ity of opening the mechanosensitive ion channel was calculated. Finally it has been

demonstrated that the iron-mineral based magnetoreceptor provides a polarity mag-

netic compass. Various conditions at which the magnetoreception process is violated

are outlined.



Zusammenfassung
Seit langer Zeit fasziniert die Vogelmigration den Menschen. Die Frage, wie Vögel

ihren Weg bei ihren halbjährlichen Flügen finden, war schon immer von großem

Interesse für amateurhafte Ornitologen wie auch für professionelle Wissenschaftler.

Für die Orientierung benutzen die Zugvögel Hinweise aus unterschiedlichen Quellen.

Verschiedene Orientierungsversuche mit wildgefangenen und hausgezüchteten Vö-

geln haben gezeigt, dass sie überirdische und geomagnetische Informationen für die

Identifizierung der Migrationsrichtung benutzen (einen Überblick über solche Stu-

dien findet man in [2–6]). Der Sonnenkompass zusammen mit der lokalen Zeit,

gemessen mit inneren Uhren, ermöglicht den Vögeln die Azimutposition der Sonne

während des Tages zu bestimmen [7]. Auch das Muster von polarisiertem Licht,

das besonderes gut bei Sonnenaufgang sichtbar ist, spielt eine wichtige Rolle bei

der Orientierung [8–10]. Sobald die jungen Vögel durch die Beobachtung des Rota-

tionszentrums des Sternenhimmels die räumliche Verknüpfung zwischen den Sternen

erlernt haben, gibt ihnen der Sternenkompass Informationen über die geografische

Richtung [11,12].

Viele Vögel sind auch dann im Stande sich exakt zu orientieren, wenn der Himmel

nicht sichtbar ist (zum Beispiel wenn es bewölkt ist). Dies erfordert aber nicht vi-

suelle Informationsquellen. Viele Untersuchungen [13–16] haben bewiesen, dass die

Vögel das Erdmagnetfeld fühlen können. Tauben, Rotkehlchen und andere Vögel

benutzen das geomagnetische Feld als einen Kompass und sind auch für geringe

zeitliche und räumliche Änderungen des magnetischen Feldes, die eventuell zur Fes-

tlegung der Position nützlich sind, sensibel.

Nicht nur Vögel haben den magnetischen Sinn. Salamander, Frösche und Schild-

kröten benutzen das magnetische Feld um sich in Richtung des nächsten Ufers zu

orientieren wenn sie zum Beispiel Gefahr spüren [17–20]. Bei den Honigbienen wurde

eine Magnetorezeption beim Wabenbau und der Hausorientierung nachgewiesen [21–

25]. Bewegung und Orientierung von Organismen relativ zum magnetischen Feld,

Magnetotaxis, wurde auch bei Bakterien nachgewiesen [26–28].

Aber im Vergleich zu den anderen Sinnen der Tiere wissen wir über die Magne-
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torezeptionsmechanismen sehr wenig. Statische magnetische Felder wie das Erdmag-

netfeld penetrieren lebendige Materie und der Rezeptor könnte sich fast überall im

Körper befinden. Tatsächlich scheint es trotz intensiver Suche kein grosses Organ zu

sein, dass sich auf die Magnetorezeption spezialisiert hat. Das Hauptproblem dabei

ist, dass das Erdmagnetfeld so schwach ist und ein Magnetorezeptor dazu imstande

sein sollte, die Absolutgrössen und kleine Variationen des Feldes zu detektieren.

Die Verhaltensversuche [6, 9, 14, 29–32] haben geholfen, die Funktion von Mag-

netorezeptoren einiger Tiergruppen zu charakterisieren. Die physiologische Unter-

suchungen [2, 6, 33] haben wertvolle Indizien, wie Tiere das magnetische Feld emp-

fangen, geliefert.

Die Unterschiedlichkeit der existierenden theoretischen Magnetorezeptionsmod-

elle [1, 34–47] illustriert durch wie viele verschiedene theoretische Vorstellungen die

Magnetorezeption funktionieren könnte. Der magnetische Sinn ist das am wenig-

sten verstandene Sensorsystem der Tiere. Genau das macht es zu Untersuchung

interessant.

Schon im Jahr 1855 deutete von Middendorff die Benutzung des magnetischen

Feldes durch die Zugvögel an : ”... so liegt der Gedanke nahe, es möge die er-

staunliche Unbeirrbarkeit der Zugvögel – trotz Wind und Wetter, trotz Nacht und

Nebel – eben darauf beruhen, dass das Geflügel immerwährend der Richtung des Mag-

netpoles sich bewusst ist, und demzufolge auch seine Zugrichtung genau einzuhalten

weiss. Was dem Schiffe die Magnetnadel ist, wäre dann diesen ’Seglern der Lüfte’

das innere magnetische Gefühl, welches im Zusammenhang mit den galvanisch-

magnetischen Strömungen stehen mag, die im Innern des Körpers dieser Tiere, zu-

mal in ihren Bewegungsapparaten, erwiesener Maassen kreisen.” (siehe [48]). Aber

nicht vor 1960 wurde der magnetische Kompass experimentell bei Vögeln nachge-

wiesen. [13–15].

Die Verhaltens- und physiologischen Untersuchungen deuten zwei Magnetorezep-

tionsmechanismen in Vögeln an, die unterschiedliche Parameter des Erdmagnet-

feldes detektieren: (1) ein lichtabhängiger Prozess, der die Inklinationswinkel der

Linien des Erdmagnetfeldes detektiert und eine Art Inklinationskompass darstellt;

(2) Ein Magnetit-vermittelter Prozess, der die Information über die magnetische

Karte liefert (Kartensinn, für einen Überblick siehe [2, 49–53]).

Das Ziel dieser Arbeit ist zwei kürzlich vorgeschlagene [36–39] mögliche Magne-

torezepetionsmechanismen zu untersuchen und ihre Funktionalität unter realistis-

chen Erdmagnetfeldbedingungen zu überprüfen. Es wurden vorgeschlagen:
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(i) Tiermagnetorezeption, die über das blaues Licht empfangende Protein

Cryptochrom vermittelt wird. Cryptochrome gehören zu der Klasse von Photorezep-

tor-signalproteinen, die man in verschiedenen Arten von Tieren und Organismen

finden kann, und die hauptsächlich Regulatorfunktion ausüben (wie z.B. Unterhal-

tung des Zirkadianrhythmus im Säugetier [54,55] und die Inhibition von Hypocotyl-

wachstum in Pflanzen [56].) Die Struktur von Cryptochrom ist schematisch in

Abb. 1a gezeigt.

Neuere Versuche [57] haben gezeigt, dass die Aktivität von Cryptochrom in der

Pflanze Arabidopsis thaliana im Magnetfeld zunimmt, was die Magnetfeld-Abhängig-

keit der Cryptochrom-Aktivität belegt. Der Aktivzustand von Cryptochrom ist mit

dem Photoreduktionsprozess von Chromophor, Flavin Adenine Dinucleotide (FAD)

verbunden, der sich im Inneren des Cryptochroms befindet (siehe Abb. 1a). Die

Spin-Chemie dieses Photoreduktionsprozesses ist mit dem Elektronübergang zwis-

chen drei Tryptophan-aminosäuren (Trp324, Trp377, Trp400, siehe Abb. 1a) verbun-

den. Der Elektronübergangs-prozess wird durch ein externes Magnetfeld beinflusst.

Der unterliegende Übergangsmechanismus ist als Radikalpaarmechanismus bekannt

und wird in dieser Arbeit besprochen.

Cryptochrome wurde als möglicher Magnetorezeptor zum ersten Mal in Ref. [1]

vorgeschlagen. Jedoch wurden bis heute keine realistischen Berechnungen von Mag-

netfeldeffekten in dem Protein durchgeführt. Eines der Ziele dieser Dissertation

ist eine numerische Untersuchung der Spindynamik in Cryptochrom durchzuführen,

und die Möglichkeit des Cryptochrom-basierten Kompasses im Vogel zu demonstri-

eren. Insbesondere wird die Aktivierungsrate von Cryptochrom als Funktion des

externen Magnetfeldes untersucht. Es wird gezeigt, dass die Aktivierungsrate von

Cryptochrom durch schwache Magnetfelder (wie z.B. dem Erdmagnetfeld) beein-

flusst werden kann. Die Aktivierungsrate von Cryptochrom wird als Funktion der

Richtung des äusseren Magnetfeldes untersucht. Es wird gezeigt, dass Cryptochrom

als ein Inklinationskompass dienen kann, der für die Navigation von Vögeln in Frage

kommen kann. Des weiteren wird analysiert, wie sich die Spindichte im Cryptochrom

mit der Zeit entwickelt.

(ii) Die Vogelmagnetorezeption tritt auf Grund der Wechselwirkung zweier eisen-

haltiger Mineralien (Magnetit und Maghemit). Diese Mineralien wurden experi-

mentell in den Sensor-Dendriten des oberen Schnabels von verschiedenen Vogelarten

nachgewiesen [58–61]. Die eisenhaltigen Mineralien im Schnabel sind als Maghemit-

kristallplättchen und kugelähnlichen Formen aus Magnetit-Nanokristallen zu finden
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Figure 1: (a) Schematische Darstellung von dem blaues Licht empfangenden Pro-
tein Cryptochrom, das sich im Auge von Vögeln, sowie in einige anderen Tieren
und Pflanzen befindet. In dieser Dissertation wird Cryptochrom als möglicher
Magnetorezeptor vorgeschlagen. Im Teil (b) der Abbildung ist schematisch die
Struktur des Sensordendriten gezeigt, der die magnetischen Mineralien Magnetit
und Maghemit enthält. Diese Minneralien wurden experimentell in den Sensor-
Dendriten des oberen Schnabels bei verschiedenen Vogelarten nachgewiesen. Das
Maghemit/Magnetit bildet einen zweiten Magnetfeldrezeptor, der in diese Arbeit
beschrieben wird.

(Magnetitcluster) (siehe Abb. 1b). Die Wechselwirkung zwischen diesen Teilchen

kann durch das externe Magnetfeld beeinflusst werden, welches zunächst die Öff-

nung von mechanosensiblen Ionnenkanälen verursacht und letzten Endes zum Ori-

entierungsverhalten der Vögel führt. In der Dissertation wird die potentielle En-

ergie des Magnentitclusters unter verschiedenen Orientierungen des externen Mag-

netfeldes untersucht. Aus dem potentiellen Energieprofil werden anschließend die
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Kräfte berechnet, die auf den Magnetitcluster wirken. Danach werden die Kraftän-

derungen aufgrund der Änderung der Magnetfeldrichtung berechnet. Als nächstes

werden die Wahrscheinlichkeit für die mechanosensible Ionenkanal-Öffnung fest-

gestellt. Als wichtigen Hinweis, den die Experimentatoren prüfen müssen, wird das

Fenster für die Magnetfeldintensität inerhalb dessen der der Mechanismus funktion-

ieren kann. Zum Schluss wird gezeigt, dass dieser auf Eisenmineralien basierenden

Mechanismus sowohl ein Inklinationskompass als auch ein Polarkompass darstellt.

Verschiedene Bedingungen, die den Magnetorezeptionsprozess stören könnten, wer-

den ebenfalls beschrieben.

Der Gedanke, dass das Erdmagnetfeld im Vogel durch kleine magnetische Teil-

chen erkannt wird, wurde schon seit dem Jahre 1970 diskutiert, nachdem experi-

mentell nachgewiesen wurde, dass einige Bakterien lange Magnetitketten besitzen

[26]. Es wurde gezeigt, dass diese Ketten magnetisch sind und die Bakterien sich

deswegen entlang der Feldlinien ausrichten. Verschiedene Modelle der erklären, wie

der magnetit-basierte Magnetorezeptor im Vogel funktionieren könnte, wurden in

den letzten Jahren vorgeschlagen [40–44]. Der Mechanismus, der in dieser Disserta-

tion besprochen wird, ist anders, weil er Grundlegend zwei magnetische Mineralien

beinhaltet. In den oben zitierten Arbeiten spricht man nur über Magnetit, und es

wurde vorgeschlagen, dass die Magnetitcluster sich anziehen oder sich abstossen, was

zur Deformation der Zellmembrane führt, und die Öffnung der Ionenkanäle steuert.

Diese Mechanismen wurden vor fünfzehn Jahren vorgeschlagen [62], als man noch

nichts über die Maghemiteplättchen wusste. Wegen der starken magnetischen Eigen-

schaften des Maghemit (es ist ferrimagnetisch [63]) sollten die Maghemitplättchen

eine wichtige Rolle im Magnetorezeptionsmechanismus spielen.

Als die beiden Hypothesen für Vogel-Magnetorezeption vorgeschlagen wurden

(nämlich der lichtabhängige Prozess im Auge und die Wechselwirkung von mag-

netischen Teilchen im Schnabel) hat man sie als zwei konkurrierende Mechanismen

betrachtet. Jedoch zeigen viele experimentelle Befunde, dass wenigstens im Vogel

beide Mechanismen nebeneinander möglich sind. Vögel und Fische sind die einzigen

Gruppen für die es einige Neuroanatomische und Elektrophysiologische Nachweise,

die mit Magnetorezeption assoziert sind, gibt. Verhaltensversuche, die zwischen den

zwei Mechanismen unterscheiden, sind nur für Vögel bekannt.

Das Ziel dieser Dissertation ist es, eine umfassende theoretische und numerische

Untersuchung der Magnetorezeptionsphänomen durchzuführen. In dieser Arbeit

werden als erster grosser Schritt die theoretischen Modelle beschrieben und ihre
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Funktionalität unter realistischen Bedingungen für das Erdmagnetfeld überprüft.

Die Ergebnisse, die hier beschrieben werden, kann man als Basis für weitere For-

schungsprojekte nutzen. Zum Beispiel kann man auf Grund dieser Arbeit unter-

suchen, wie verschiedene Bedingungen (z.B. die Influenz eines oszillierenden Mag-

netfeldes, sowie der Flug (die Bewegung) durch elektrische Felder, etc) die Magne-

torezeption in Tieren ändern könnte. Ein weiterer grosser Schritt wird sein zu verste-

hen, wie einige Tiere das Erdmagnetfeld fühlen können, und wie im Vergleich dazu

lokale Magnetfelder erzeugt durch Gebäude, Strassen, Autobahnen, Gebirge, Eisen-

bergwerke und andere magnetische Objekte, registriert werden können. Möglicher-

weise wird diese Forschung zur Entdeckung eines ähnlichen (”sechsten”) Sinnes in

vielen Tieren führen und auch im Menschen bedeutsam sein.
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Chapter 1

Introduction

Bird migration has fascinated humans for a long time and the question of how birds

can find their way on their biannual migratory flights has been of great interest

to amateur ornithologists as well as to professional scientists. Migratory birds use

cues of a wide variety of different sources for orientation. Orientational experiments

with wild and hand-raised birds have shown that they use celestial and geomagnetic

information for identifying their migratory direction (reviews of these studies can be

found in [2–6]). The sun compass in association with the local time, measured by

their inner clock, allows them to identify the azimuthal position of the sun during the

day [7]. Polarized light patterns, most prominently visible at the sky during sunset

and sunrise, plays an important role in orientation [8–10]. Once young birds have

learned the spatial relationships between stars by observing the center of rotation of

the starry sky, the star compass provides them with information about geographic

direction [11,12].

Many birds are also able to accurately orient themselves when the sky is not

visible (e.g., cloud cover). This requires non-visual sources of information. Many

studies [13–16] have established that birds are sensitive to the Earth’s magnetic

field. Pigeons and other birds use the geomagnetic field as a compass, and are

also sensitive to slight temporal and spatial variation in the magnetic field that are

potentially useful for determining location [3, 44].

Not only do birds have a magnetic sense. Salamanders, frogs and sea turtles use

the magnetic field to orient themselves in the direction of the nearest shore when, for

example, they sense danger [17–20]. In honeybees magnetoreception is demonstrated

by activities such as comb building and homing orientation [21–25]. Movement and

orientation of organisms with respect to a magnetic field, magnetotaxis, has also
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been shown to exist in bacteria [26–28].

However, despite decades of research, the precise mechanism of magnetoreception

is still not well understood. During the last forty years several hypotheses were

suggested to explain this phenomenon. The main subject of this thesis is to study

two mechanisms underlying animal magnetoreception, which are likely to be co-

existing. The main focus of the thesis is made on avian magnetoreception, but the

suggested mechanisms are believed to be general and possible in all kinds of animals

and even human beings.

1.1 Aims of the Thesis

The aim of this work is to describe the two mechanisms which might be responsible

for avian magnetoreception. Two theoretical concepts possibly underlying this phe-

nomenon are formulated and their functioning is proven in a realistic geomagnetic

fields. It has been proposed that:

1. Animal magnetoreception is mediated by the blue light receptor protein cryp-

tochrome, which was recently found to be localized in the retinas of migra-

tory birds [64]. Cryptochromes are a class of photoreceptor signaling proteins

which are found in a wide variety of organisms and which primarily perform

regulatory functions, such as the entrainment of circadian rhythm in mam-

mals [54,55] and the inhibition of hypocotyl growth in plants [56].

Cryptochrome was suggested as a possible magnetoreceptor for the first time

in Ref. [1]. However, no realistic calculation of magnetic field effect in cryp-

tochrome were performed. One of the goals of the present thesis is to study

computationally the spin dynamics in cryptochrome and to show the feasibil-

ity of the cryptochrome-based compass in birds. The analysis is based on the

results published in our recent paper [36].

2. The avian magnetoreception mechanism is based on the interaction of two

iron minerals (magnetite and maghemite) which were experimentally found

in subcellular compartments within sensory dendrites of the upper beak of

several bird species [58–61]. The iron minerals in the beak form platelets of

crystalline maghemite and assemblies of magnetite nanoparticles. The interac-

tion between these particles can be manipulated by the external magnetic field
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inducing a primary receptor potential via strain-sensitive membrane channels

leading to a certain bird orientation effect.

The idea that the geomagnetic field is being mediated by tiny magnets in the

birds has been discussed since the 1970s, when certain bacteria were discovered

to contain chains of single domain magnetite [26] that act as magnets and

align the bacteria along the field lines. A variety of models on how such

magnetite-based magnetoreceptors might work has been suggested [40–44].

The mechanism discussed in the present thesis is different from the magnetite-

based magnetoreception mechanism suggested earlier because it involves two

different types of iron-minerals. In the papers cited above, only magnetite

was considered. It was suggested that the magnetite clusters, depending on

the orientation of the external field, will attract or repel each other, thus

deforming the membrane and possible opening or closing the ion channels.

This mechanism was suggested about fifteen years ago [62], long before the

maghemite platelets were discovered in the beak of birds. Since maghemite has

ferrimagnetic nature [63,65–68] and possesses pronounced magnetic properties

the maghemite platelets should play an important role in the magnetoreception

mechanism.

The second part of the thesis, devoted to the study of the iron-mineral-based

magnetoreceptor, is based on our recent publications [37–39].

When it was first suggested, the magnetite hypothesis and the spin-based model

were considered alternatives that largely exclude each other. However, an increasing

body of evidence indicates that both mechanisms can exist side by side, at least in

birds (for review see Refs. [2–6]). Unfortunately, the number of groups that have

so far been tested for their magnetoreception mechanisms is still very limited, with

birds being by far the best-studied group. Birds and fish are the only groups where

some neuroanatomical and electrophysiological evidence associated with magnetore-

ception is available. Behavioral experiments designed to distinguish between the two

models are only known from birds.

The thesis is organized as follows. Chapter 2 gives an overview of magnetore-

ception mechanisms in birds. The basic facts about the geomagnetic field are pre-

sented in section 2.1. In section 2.2 two different magnetic compasses observed in

animals are described, namely the polarity compass and the inclination compass.

2.3. The existing magnetoreception models described in literature are overviewed
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in section 2.3. In section 2.4 the two novel proposed magnetoreception mechanisms

are discussed in detail. The cryptochrome-based mechanism is described in subsec-

tion 2.4.1, while the iron-mineral-based magnetoreception mechanism is described

in subsection 2.4.2.

The theoretical formalism underlying both magnetoreception mechanisms is de-

scribed in chapter 3. In section 3.1 the theory of the radical pair mechanism in

cryptochrome is discussed. The construction of the radical-pair Hamiltonian is

outlined in subsection 3.1.2. In subsections 3.1.3 and 3.1.4 the hyperfine and ex-

change/dipolar interactions in the radical pairs in cryptochrome are discussed. The

density matrix is introduced in subsection 3.1.5. Subsection 3.1.6 discusses the

Stochastic Liouville equation, which is used to calculate the activation yield of cryp-

tochrome in external magnetic field. The basics of the electron transfer theory

are discussed in subsection 3.1.7, while the rate of the singlet – triplet spin – flip

transitions is calculated in subsection 3.1.8. The cryptochrome activation yield is

discussed in section 3.1.9.

The theory behind the iron-mineral-based magnetoreception model is outlined

in section 3.2. The basic facts about the magnetic properties of magnetite and

maghemite are summarized in subsection 3.2.1. The magnetic moments of the

maghemite platelets and of the magnetite cluster are estimated in subsections 3.2.2

and 3.2.3 respectively. Further in this section two theoretical models are discussed:

in subsection 3.2.4 a model is formulated which neglects the size of the maghemite

platelets and of the magnetite cluster and treats them as point-like dipoles; in sub-

section 3.2.5 a model, which accounts for the finite size of the maghemite platelets

and of the magnetite cluster is presented.

Chapters 4-5 discuss the results of the calculation. Chapter 4 discusses the spin

chemistry processes in cryptochrome, while chapter 5 discusses the iron-mineral

based magnetoreceptor model.

The thesis is summarized in chapter 6.

The present thesis is based on the original results, partly published in leading

international journals (see a list of publication).



Chapter 2

Magnetoreception Mechanisms in
Birds

2.1 The Geomagnetic Field

A detailed knowledge of the properties of the geomagnetic field is important when

discussing animal magnetoreception, orientation and navigation. The geomagnetic

field is a dipole field, that is aligned approximately with the Earth’s axis of ro-

tation [69] (see Fig. 2.1). It is generated by a self-sustaining geo-dynamo, where

electrically conducting iron material in the outer liquid core is moved across the

existing magnetic field [70].

The intensity of the geomagnetic field is maximal at the magnetic poles (being

about 68 µT=0.68 G), where the field lines stand vertically to the Earth’s surface

(inclination angle 90◦) and minimal close to the magnetic equator (being about 23

µT=0.23 G), where the field lines are parallel to the Earth’s surface (inclination

angle 0◦). Figures 2.1 and 2.2 illustrate this fact.

The Earth’s North Magnetic Pole is the wandering point on the Earth’s surface

at which the Earth’s magnetic field points vertically downwards.

As of 2005 the North Magnetic Pole lay near Ellesmere Island in northern

Canada at 82.7◦ N , 114.4◦ W . [71] Its southern hemisphere counterpart is the South

Magnetic Pole. As of 2005 the South Magnetic Pole was calculated to lie at 64.5◦

S, 137.9◦ E [71], just off the coast of Wilkes Land, Antarctica. It is moving north

west by about 10 to 15 kilometers per year

Because the Earth’s magnetic field is not exactly symmetrical, the North and

South Magnetic Poles are not antipodal: a line drawn from one to the other does

not pass through the center of the Earth (it actually misses by about 530 km).
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Figure 2.1: Schematic drawing of the Earth’s magnetic field (redrawn from [51]).
The arrows show the course of the magnetic field lines and their length is drawn
relative to the magnetic field intensity at different latitudes. The magnetic field
intensity is strongest at the magnetic poles (about 68 µT=0.68 G) and weakest at
the magnetic equator (about 23 µT=0.23 G). The steepness of the magnetic field
lines relative to the surface of the Earth shows the angle of inclination, which is
maximal at the magnetic poles (±90◦) and minimal (0◦) at the magnetic equator.

Because of changes in the flow patterns generated in the Earth’s liquid outer-

core and boundary processes in the core-mantle, the Earth’s main magnetic field is

constantly drifting [69]. The poles are wandering several tenths of a degree annually
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Figure 2.2: Total intensity (dark-blue contour lines) and inclination (red contour
lines) of the Earth’s magnetic field according to the World Magnetic Model WMM
2000 (http://geomag.usgs.gov/dod.html). The total intensity is given in steps of
5000 nT, the inclination in steps of 10◦.

(secular variation), such that the total intensity of the Earth’s magnetic field has

been decreasing by about 10% since 1900. Therefore, these secular variations have

to be considered when discussing the evolution of migration routes and the use

of geomagnetic maps for navigation in long-living animals. Solar electromagnetic

radiation, constantly emitted during solar activity and thunderstorms, also produces

a large time-varying magnetic fields in the atmosphere and is especially strong on

the sunward side of the Earth [72]. Normal diurnal changes are in the order of 10 nT

to 30 nT, but can reach 500 nT during magnetic storms. These diurnal changes can

pose substantial difficulties for animals using the geomagnetic field for orientation or

navigation at smaller scales and there are indications that animals might calibrate

their magnetic compass and map during the magnetically calmer nights [73].

2.2 Inclination and Polarity Compass

Two different magnetic compasses have been described in the literature with funda-

mental differences in their functional characteristics: a polarity compass and an

inclination compass (Fig. 2.3 and Fig. 2.4). The polarity compass is similar to our
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Figure 2.3: The avian inclination compass provides the animals with information
on the axial alignment of the magnetic field (direction along the magnetic north-
south axis), the direction towards the magnetic pole that lies closer (intersection of
magnetic field line with horizon) and the magnetic equator (direction where mag-
netic field lines and horizon diverge). An inclination compass does not perceive the
polarity of the magnetic field vector, as used by our technical compasses.

technical compass, using the polarity of the magnetic field to distinguish between

magnetic ’North’ and ’South’ (see Fig. 2.4a). The inclination compass, in contrast,

ignores polarity and relies instead on the axial course of the field lines. It obtains

unimodal directional information by interpreting the inclination of the field lines
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Figure 2.4: Principle of the polarity compass (a) and of the inclination compass
(b), after Wiltschko and Wiltschko [16,74]. In the inclination compass the polarity of
the magnetic field vector is irrelevant since birds obtain directional information from
the axial course of the lines. That way, birds cannot distinguish between northward
and southward, but between poleward and equatorward. In the polarity compass
the direction of the magnetic field vector is important. g represents the gravity
vector, Hv and Hh are the vertical and horizontal components of the magnetic field.
HNorth and HSouth indicate the Earth magnetic field in the northern and southern
hemispheres. H test

North and H test
South indicate the experimental magnetic field in the

northern and southern hemisphere, which correspond to the ”normal” magnetic
field with inverted horizontal component. The images of the bird above each drawing
shows the flight direction of a bird during its ”poleward” flight program [74].

with respect to up and down.

The magnetic compass was first described for European robins (Erithacus rubec-

ula), a passerine species that migrates at night. Captive individuals of migrants

become restless in their cages at the times of the year when their free-living con-

specifics migrate, and they prefer to stay at the side of their cage pointing towards

their migratory direction. This behavior was used to analyze the birds’ orientation

in the laboratory, where magnetic conditions can easily be changed in a controlled

way. The test-bird was put in a funnel-like cage, covered with the scratch-sensitive
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tip-Ex paper. The external magnetic field was created by the coils, surrounding the

cage. When the magnetic north was rotated by coil systems, while the field’s total

intensity and inclination were almost unchanged and all other potential directional

cues remained the same, the birds altered their directional preferences according to

the change in magnetic north. This behavior indicates that they used the magnetic

field for direction finding [15].

Analyses of the birds’ magnetic compass showed that if the vertical component of

the magnetic field vector was inverted: birds heading North in the geomagnetic field

reversed their heading, now preferring South (see Fig. 2.4b, top left and Fig. 2.4b,

bottom right diagrams). This is how the inclination compass in birds was discovered.

The major experiments were performed by Wiltschko et el. and published in Refs. [2,

16,74–76]. Reversing the horizontal component and inverting the vertical component

alter the axial course of the field lines in the same way (see Fig. 2.4b, top left

and Fig. 2.4b, bottom left diagrams); an animal not perceiving the polarity of the

magnetic field will not realize any difference. Hence birds reverse their headings in

both situations alike [2, 16,74,75].

This means that the avian magnetic compass does not distinguish between mag-

netic ’north’ and ’south’, as indicated by polarity, but between ’poleward’ (where

the field lines run downward) and ’equatorward’ (where they run upward), as shown

in Fig. 2.4.

The response of animals in a magnetic field with the vertical component inverted

(see Fig. 2.4, right) is diagnostic: rodents [77] and spiny lobsters [78] maintain

their headings, indicating that their magnetic compass is a polarity compass, while

birds [16], salamanders [79] and marine turtles [80] reverse theirs, revealing the use

of an inclination compass.

However, the geomagnetic field does not only provide directional information,

magnetic intensity and/or inclination can be used to obtain positional information.

This is less well documented and the available evidence comes only from a small

number of species. When spiny lobsters [81] and marine turtles [18] were tested in

magnetic fields characteristic for sites hundreds of kilometers away from the location

where they actually stayed, the animals chose headings that would have led them

to their home site if they had been displaced to the respective sites. This clearly

shows that these animals can use magnetic intensity and inclination to derive infor-

mation on their position relative to a goal. The same is suggested for birds [82] and

salamanders [19].
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Total intensity, inclination or a combination of both may also serve as ’sign-posts’

or ’triggers’ – marking certain regions on the earth where animals must respond in

a particular way. Here, specific magnetic parameters elicit orientational responses

such as changes in the heading of migratory birds [83,84] and marine turtles [17] as

well as physiological responses like gaining body weight [85].

2.3 Magnetoreception Models

In contrast with most other senses in animals, we know very little about magnetore-

ception mechanisms. Static magnetic fields such as the geomagnetic field penetrate

living matter and a receptor can thus be located almost anywhere in the body. In-

deed, there seems to be no large organ specialized for magnetoreception, despite

intense search for it. The main problem of geomagnetic field perception is the fact

that the Earth’s magnetic field is very weak and that a magnetoreceptor needs to

be able to detect absolute values or small variations of such a field. Behavioral

experiments [6,14,29–32] have helped to characterize the function of the magnetore-

ceptors in some animal groups, while physiological studies [2, 6, 33] have revealed

valuable indications of how animals could perceive the geomagnetic field. The vari-

ety of magnetoreception models [1,34–47] illustrate in how many different theoretical

ways magnetoreception could function.

The magnetic sense is the least understood sensory system in animals and this

is what makes it in my opinion so interesting to explore! As early as 1855 did

von Middendorff suggest the use of the magnetic field by migrating birds: ”... so

liegt der Gedanke nahe, es möge die erstaunliche Unbeirrbarkeit der Zugvögel - trotz

Wind und Wetter, trotz Nacht und Nebel - eben darauf beruhen, dass das Geflügel

immerwährend der Richtung des Magnetpoles sich bewusst ist, und demzufolge auch

seine Zugrichtung genau einzuhalten weiss. Was dem Schiffe die Magnetnadel ist,

wäre dann diesen ’Seglern der Lüfte’ das innere magnetische Gefühl, welches im

Zusammenhang mit den galvanisch-magnetischen Strömungen stehen mag, die im

Innern des Körpers dieser Tiere, zumal in ihren Bewegungsapparaten, erwiesener

Maassen kreisen.” [48]. Still, not before the 1960’s was the magnetic compass ex-

perimentally demonstrated in birds [13–15].

Behavioral and physiological studies suggest the presence of two magnetorecep-

tion mechanisms in birds that detect different parameters of the geomagnetic field:

(1) a light-dependent process detecting the axial course and the inclination angle
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of the geomagnetic field lines, providing the birds with magnetic compass informa-

tion (inclination compass) [2–6] and (2) a magnetite-mediated process, providing

magnetic map information (map sense; for reviews see [2, 49–53]).

2.3.1 Light-Dependent Magnetic Compass

Several different biophysical magnetoreception models have been proposed to ex-

plain the light dependence of the magnetic compass in animals. Leask [86] was

the first to propose an ”optical pumping model” where magnetoreception might be

dependent on light. The currently most discussed model was originally proposed

by Klaus Schulten [87, 88] who demonstrated that an external magnetic field can

influence photon-induced processes involving bimolecular reactions. In this pro-

cess, the so-called radical pairs are formed by photon excitation through light

absorption similar to the photosynthetic reactions. Based on this theory, Schulten

and Windemuth [34] proposed a model for a biophysical magnetic compass with

photoreceptor-molecules as likely organic reactants and suggested vision as a possi-

ble sensory detection system. The animals would perceive the magnetic field as an

apparent light intensity or color variation in their visual field.

Ritz et al. [1] refined this magnetoreception model and proposed cryptochro-

mes, a class of photoreceptors newly discovered in animals [64], as the magneto-

sensing molecules. It was shown theoretically that magnetic fields with intensities in

the range of the geomagnetic field can produce a significant increase of the activation

yield, which also depends on the relative orientation between the magnetic field and

the radical pairs [1, 35, 36, 89–95]. Magneto-sensitive photoreceptors arranged in

an ordered array, like the retina or pineal1, would show an increased or decreased

response to light, depending on their alignment relative to the magnetic field – hence

allowing the animals to ”see” the magnetic field lines.

In birds, there is strong evidence that magnetoreception of inclination compass

information takes place in the eyes, specifically in the right eye [29, 96]. Recent

experiments showed that birds are disoriented when tested with the right eye covered

1The pineal gland (also called the pineal body, epiphysis cerebri, or epiphysis) is a small en-
docrine gland in the brain. It is shaped like a tiny pine cone, and is located near the center
of the brain, between the two hemispheres, tucked in a groove where the two rounded thalamic
bodies join. It produces structurally simple hormone that communicates information about envi-
ronmental lighting to various parts of the body. Ultimately, melatonin has the ability to entrain
biological rhythms and has important effects on reproductive function of many animals. The
light-transducing ability of the pineal gland has led some to call the pineal the ”third eye”.
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with light-proof caps, but were well oriented and reacted to an inversion of the

magnetic field when tested with the left eye covered [29, 96]. Recent findings of

cryptochrome expression in avian retinas further support this model furthermore

[97,98].

Also extracellular recordings in the nucleus of the basal optic root (nBOR) and

in the optic tectum, which are parts of the optic nerve, in pigeons support the

involvement of the optical system in magnetoreception. The optic nerve, also called

cranial nerve II, is the nerve that transmits visual information from the retina to the

brain. The experiments demonstrated response to changes in the direction of the

magnetic field [99] and maximal magnetic responsiveness occurred at wavelengths of

503 nm and 582 nm [33]. It will be very valuable to reproduce these recordings and

examine the neuronal responses at the wavelengths where behavioral experiments

show specific orientation reactions.

Figure 2.5: Images of European robin (Erithacus rubecula), Australian silvereye
(Zosterops lateralis), Garden warbler (Sylvia borin), and homing pigeon (Columba
livia).

The proposed involvement of light in the transduction mechanism of magnetore-

ception encouraged homing and orientation experiments under different wavelengths

of light. The first experiments were carried out with homing pigeons, Columba livia

domestica, demonstrating that young, inexperienced birds were disoriented after be-

ing displaced in complete darkness or under 660 nm red light, but oriented towards

the home direction after being transported to the release site under 565 nm green or

full spectrum light [30, 31]. Orientation experiments with passerine migrants under

different monochromatic lights gave further support for the involvement of light-

sensitive molecules active at specific wavelengths (for a summary, see Fig. 2.6). Eu-

ropean robins, Australian silvereyes, Garden warblers and homing pigeons, Fig. 2.5,



14 Magnetoreception Mechanisms in Birds

Figure 2.6: Orientation behavior of birds under monochromatic lights produced by
light-emitting diodes (LEDs) of various wavelengths, with the peakwavelength in-
dicated. (a): Spectra of the LEDs producing the test lights. (b): Orientation of
European robins in spring. Each triangle represents the heading of an individual
bird. (c): Responses of four bird species tested under the various wavelengths: Aus-
tralian silvereyes, Zosterops lateralis, European robins, Erithacus rubecula, Garden
warblers, Sylvia borin, and homing pigeons, Columba livia: (+) oriented behavior,
(-) disoriented behavior. Figure adapted after Refs. [2, 6].
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were tested under light with wavelength in the range between 424 nm (blue) and

635 nm (red) and under different intensities ranging from 0.57 to 44×1015 quanta

s−1m−2 (see Appendix B for more details on light-intensity units). The experiments

under low-intensity light showed that both juvenile and adult birds were well ori-

ented into the seasonally expected migratory directions under full spectrum (white),

443 nm (blue), 510 nm (turquoise) and 565 nm (green) light, but disoriented under

590 nm (yellow) and 630 nm (red) light [32, 100–104]. These results indicate that

magnetoreception becomes critical under light of peak wavelengths longer than 565

nm.

Light-dependent magnetoreception seems to vary not only between wavelengths,

but also between different intensities of light of the same wavelength. Shifts in

directions deviating from the expected migratory direction have been reported under

higher light intensities for different wavelengths (43-44×1015 quanta s−1m−2; [29,32,

105]). Just recently, Wiltschko et al. [106] showed that birds do not use inclination

compass orientation when tested under blue and green lights of such high intensities,

i.e. they did not react to an inversion of the vertical component of the magnetic

field. Still, they reacted to a shift of the horizontal component, indicating the use

of a polarity compass or a fixed alignment along a magnetic direction (see section

2.2 for more details about polarity and inclination compasses).

In early experiments [32, 100–104], migratory birds had shown to be apparently

unable to use their magnetic compass under 635 nm red light. However, pre-exposure

to red light for 1 hr immediately before the critical tests under red light of 6-7×1015

quanta·s−1·m−2 enabled robins to orient in their seasonally appropriate migratory

direction in spring as well as in autumn [107]. Pre-exposure to darkness, by con-

trast, failed to induce orientation under red light. Under green light of 7×1015

quanta·s−1·m−2, the birds were oriented in their migratory orientation after both

types of preexposure. These findings suggest that the newly gained ability to orient

under red light might be based on learning to interpret a novel pattern of activa-

tion of the magnetoreceptors and hence, may represent a parallel to the previously

described enlargement of the functional window to new magnetic intensities.

2.3.2 Iron-Mineral-Based Magnetic Map

The receptor of the avian map sense is proposed to contain magnetic particles and

to be situated in the ethmoid region of the upper beak area [58], which is innervated
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by the Ramus ophthalmicus, a branch of the trigeminal nerve. The localization of

putative magnetoreceptors in the beak of homing pigeons is schematically illustrated

in Fig. 2.7. For several bird species, magnetic measurements of the head, neck and

beak area and histological examinations of the upper beak area indicate the presence

of magnetic material [58,108–114]. When first discovered, these particles have been

at least partly identified as single-domain or superparamagnetic magnetite crystals

(Fe3O4) [58, 112,113].

Figure 2.7: Localization of putative magnetoreceptors in the beak of homing pigeons.
Scheme of the pigeon skull with the peripheral course of the ophthalmic branch of
the trigeminal nerve, that gives rise, by its median branch (R. o. medialis, Ramus
ophthalmicus medialis) to the entire somatosensory innervation of the tip of the
upper beak. The rectangle shows the area were the magnetic iron minerals were
detected. Figure adapted after Ref. [58]. Ramus ophthalmicus (R. ophthalmicus) is
a branch of the trigeminal nerve, N. trigeminus, Nervus trigeminus. The trigeminal
nerve is responsible for sensation in the face. It is similar to the spinal nerves C2-S5
that are responsible for sensation in the rest of the body. Sensory information from
the face and body is processed by parallel pathways in the central nervous system.

Magnetoreception models involving both single domain and superparamagnetic

magnetite have been proposed. Elongated single domain magnetite particles are
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arranged in chain and have a magnetic moment directed towards one of its two

ends, that are attached to a transduction mechanism (e.g. a mechanoreceptor in

form of a hair cell or a mechanically gated ion channel). It is possible that these

particles could elicit a change in membrane conductance when exposed to a torque

[40, 43, 45, 115–117]. Alternatively, clusters of the much smaller superparamagnetic

magnetite particles (with magnetic moments only in the presence of an external

magnetic field) dispersed in a liquid and enclosed by a biological membrane can be

deformed by magnetic field strengths as small as the geomagnetic field – resulting

in activation of putative mechano-sensitive membrane receptor channels [45]. The

magnetic characteristics of both types of magnetoreception models seem to allow

sufficient discrimination of both direction and intensity of an ambient magnetic field

comparative to the strength of the Earth’s magnetic field, while including small

magnetic-field variations necessary for a map sense [43,112,113,115,118].

In birds, recent findings of superparamagnetic magnetite in homing pigeons in

the form of dense clusters embedded in a solid fibrous cup with iron phosphate

platelets as putative magnetic field amplifiers suggest that the ambient magnetic

field is detected by such structures [58]. They were found in nerve-ending terminals

of the ophthalmic nerve. A deformation by the magnetic field would lead to a change

in the action potential of mechano- sensitive ion channels and lead to a nerve signal

transmitted by the trigeminal nerve to the brain [45,58,112,113].

Both single domain and superparamagnetic magnetite magnetoreceptors can be

predictably affected by pulse remagnetization, which involves applying a single, brief

directional magnetic pulse to the head of a bird. The application of such high-

intensity magnetic pulses of 0.5 T for 4-5 ms was designed to temporarily change

the polarity of the magnetite particles and disturb the magnetic map sense. They

resulted in disorientation or deflection in the migratory orientation of passerines,

which had some migration experience and thus could use a magnetic map [119–123].

Completely inexperienced, juvenile birds were immune to such treatments, agreeing

with the assumption that they do not utilize a magnetic map [52,103].

Electrophysiological recordings from the ophthalmic nerve have shown responses

to changes in both the horizontal and vertical component of the magnetic field

[110, 124]. Blocking this nerve made adult birds unreceptive to magnetic pulsing,

but did not inhibit their orientation [121].
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2.4 Novel Magnetoreception Mechanisms

The subject of this thesis is to study two, likely co-existing, mechanisms underlying

avian magnetoreception. Both mechanisms are motivated by behavioral [6, 14, 29–

32], physiological [2, 6, 33] and histological [58–61, 112, 113, 125] studies which were

performed during the last several decades. The motivation for and the basic ideas

behind these mechanism are discussed in the following subsections.

2.4.1 Radical-Pair-Based Compass in Cryptochrome

There are several arguments for the feasibility of the radical-pair-based compass

in birds. The avian compass is an inclination compass, sensitive only to the in-

clination of the Earth’s magnetic field lines and not to their polarity [2, 3]. The

avian compass is also known to be highly sensitive to the strength of the ambient

magnetic field, requiring a period of acclimation before orientation can occur at

intensities differing from that of the natural geomagnetic field [126]. Further evi-

dence favoring a radical-pair-based compass is offered by recent experiments probing

the effects of low-intensity radio frequency radiation on bird orientational behav-

ior [127,128]. Furthermore, the avian compass is light-dependent, as first suggested

by theory [34,87], normally requiring light in the blue-green range in order to func-

tion properly [32, 100]. It is known to be localized in the right eye of migratory

birds [96]. A radical pair model in which a light-driven, magnetic-field-dependent

chemical reaction in the eye of the bird modulates the visual sense indeed pre-

dicts these properties [1,34,87–92,129,130]. Finally, a protein harboring blue-light-

dependent radical pair formation, cryptochrome, is found localized in the retinas of

migratory birds [97,98,131,132] where its effects could intercept the visual pathway.

The radical pair mechanism, in general, involves a process by which a pair of

spin-1/2 radicals lead to distinct reaction products for the spins being in either

an overall singlet or triplet state. The mechanism has been explored for a variety

of model systems [1, 35, 87–89, 92–95, 133]. In such instances, hyperfine coupling,

exchange, dipole-dipole, and Zeeman interactions acting on the electron spins can

induce magnetic field effects in the reaction yields.

The radical pair mechanism supposedly linked to the avian compass arises in

the protein cryptochrome [1], which is a signaling protein found in a wide variety of

plants and animals [64,134,135], and is highly homologous to DNA photolyase [135,

136]. The role of cryptochrome varies widely among organisms, from the entrainment
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of circadian rhythms2 in vertebrates to the regulation of hypocotyl3 elongation and

anthocyanin production4 in plants [54–56].

The role of cryptochrome as a magnetic compass as suggested in [1, 36, 57] is

however still hypothetical because no direct experimental prove has been made.

Figure 2.8: (a) Schematic representation of the structure of the flavin adenine din-
ucleotide complex (FAD) and its semireduced form (FADH) (b). The difference
between the two complexes is in the additional hydrogen atom, attached to the ni-
trogen of the flavin-group (see circle). (c) Schematic representation of the structure
of the tryptophan amino acid.

Photolyase and cryptochrome both internally bind the chromophore flavin ade-

nine dinucleotide (FAD). The chemical structure of the FAD is shown if Fig. 2.8a.

2A circadian rhythm is a roughly-24-hour cycle in the physiological processes of living beings,
including plants, animals, fungi and cyanobacteria. The term ”circadian”, coined by Franz Halberg,
comes from the Latin circa, ”around”, and dies, ”day”, meaning literally ”about a day”. The formal
study of biological temporal rhythms such as daily, weekly, seasonal, and annual rhythms, is called
chronobiology.

3Hypocotyl is a botanical term for a part of a germinating seedling of a seed plant. As the plant
embryo grows at germination, it sends out a shoot called a radicle that becomes the primary root
and penetrates down into the soil. After emergence of the radicle, the hypocotyl emerges and lifts
the growing tip (usually including the seed coat) above the ground, bearing the embryonic leaves
(called cotyledons) and the plumule that gives rise to the first true leaves. The hypocotyl is the
primary organ of extension of the young plant and develops into the stem.

4Anthocyanins (from Greek anthos – flower, and kyanos – blue) are water-soluble vacuolar
flavonoid pigments that appear red to blue, according to pH. They are synthesized by organisms
of the plant kingdom and bacteria, and have been observed to occur in all tissues of higher plants,
providing color in leaves, stems, roots, flowers, and fruits.
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In photolyase, the presence of FAD in its fully reduced FADH− (see Fig. 2.8b)

state is necessary for its DNA repair activity. The FAD cofactor, which typically

exists in photolyase in its semireduced FADH form (see Fig. 2.8b), is brought to

the FADH− state by a series of light-induced electron transfers involving a chain

of three tryptophans (see Fig. 2.8c) that bridge the space between FAD and the

protein surface [137–141].

Although little is presently known about the activity of cryptochromes, it has

been suggested [142, 143] that a light-induced autophosphorylation reaction is in-

volved in the early stage of cryptochrome’s signaling activity. Recent experiments

[144] have shown that light-induced electron transfer from a tryptophan chain con-

served from photolyase is the dominant FAD reduction pathway in Arabidopsis

thaliana (mouse-ear cress) cryptochrome, and that disruption of this photoreduc-

tion pathway impedes the protein’s autophosphorylation activity. However, while

photolyase seems to be activated when the semireduced FADH form is converted to

the fully reduced FADH− form, cryptochrome seems to be activated when the fully

oxidized FAD form is converted to the semireduced FADH form [145].

The tryptophan chain in Arabidopsis cryptochrome consists of Trp324, Trp377,

and Trp400, as shown in Fig. 2.9. Trp324 is located near the periphery of the pro-

tein body, and Trp400 is proximal to the flavin cofactor with Trp377 located in

between. Before light activation of cryptochrome, the flavin cofactor is present in

its fully oxidized FAD state. FAD absorbs blue light photons, being thereby pro-

moted to an excited state, FAD∗. FAD∗ is then protonated, likely from a nearby

aspartic acid [146], producing FADH+. Once the electronically excited flavin is

in the FADH+ state, light-induced electron transfer is initiated. An electron first

jumps from the nearby Trp400 into the hole left by the excited electron in FADH+,

forming FADH + Trp400+. An electron then jumps from Trp377 to Trp400, form-

ing FADH + Trp377+, and subsequently from Trp324 to Trp377, forming FADH +

Trp324+. Finally Trp324+ becomes deprotonated to Trp324dep, i.e., forming FADH

+ Trp324dep [138], fixing the electron on the FADH cofactor. This scenario is sum-

marized in Fig. 2.10.

However, before the final deprotonation takes place, it is possible for the electron

on FADH to back-transfer to one of the tryptophans, which quenches the signaling

state. This back-transfer, leading to the formation of FADH+, as shown in Fig. 2.10,

can only occur if the spins of the two unpaired electrons are in an overall singlet

state. An external magnetic field can influence the overall electron spin state through
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Figure 2.9: FAD cofactor and tryptophan chain in Arabidopsis thaliana
cryptochrome-1. Cryptochrome is in its signaling state when the FAD cofactor
is in the semireduced FADH state. The signaling state is achieved through photore-
duction via a chain of three tryptophans (Trp400, Trp377 and Trp324) which bridge
the space between FADH and the surface of the protein, followed by deprotonation
of Trp324 to Trp324dep.

the Zeeman interaction acting jointly with hyperfine coupling to the nuclear spins

associated with the hydrogen and nitrogen atoms [93]. If the overall spin state is

triplet, electron back-transfer and formation of FADH+ cannot occur, extending the

time, in which cryptochrome stays in its signaling state. This, in turn, could affect

the visual perception of a bird as described in [1], permitting the bird to visually

discern the magnetic field.

One of the goals of this thesis is computationally to study the electron transfer
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Figure 2.10: Schematic presentation of the radical pair reaction pathway in
cryptochrome. After the flavin cofactor in its fully oxidized form, FAD, is ex-
cited by a blue photon (FAD → FAD∗) and subsequently protonated (FAD∗ →
(FADH+)∗), an electron jumps from the nearby Trp400 to FADH+, creating a radi-
cal pair (FADH + Trp400+) state. Electron transfer from Trp377 to Trp400 and from
Trp324 to Trp377 follows, creating the radical pair state FADH + Trp377+ and then
FADH + Trp324+. For each radical pair state, the spins of the unpaired electrons
are in either the singlet or triplet state, as denoted by 1[ · · · ] or 3[ · · · ], respectively.
Electron back-transfer, the effect of which is to quench the cryptochrome signaling
state, is possible only when the two unpaired electron spins of one of the three possi-
ble radical pair states form a singlet state 1[ · · · ]. If Trp324+ becomes deprotonated
(Trp324+ → Trp324dep), electron back-transfer FADH → Trp324dep is impeded, and
cryptochrome is stabilized in its signaling state, FADH + Trp324dep. Transitions be-
tween the three radical pair states, i.e. 1,3[FADH + Trp400+], 1,3[FADH + Trp377+],
and 1,3[FADH + Trp324+], are governed by the rate constant ket and correspond to
an electron jumping between tryptophans in the direction opposite to that of the
arrows shown (the arrows show electron hole transfer). Electron back-transfer from
FADH to one of the tryptophans is governed by the rate constant kb and deproto-
nation of the third tryptophan by the rate constant kd. The steps denoted by rate
constants (k1)

′
and (k2)

′
, correspond to reverse electron transfer in the tryptophan

chain and are neglected in the description.

and spin dynamics in cryptochrome as depicted in Fig. 2.10 and to demonstrate

the feasibility of a radical-pair-based compass in birds. This requires an atomic-

level structure of the protein. Unfortunately, no structure of avian cryptochrome is

currently available. The only available structure at this time is that of the Arabidop-

sis thaliana (mouse-ear cress) cryptochrome-1 [135]. However, the cryptochromes

of birds and of plants are very similar. A BLAST5 [147] comparison of Erithacus

5BLAST stands for Basic Local Alignment Search Tool. In bioinformatics it is an algorithm for
comparing primary biological sequence information, such as the amino-acid sequences of different
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Figure 2.11: BLAST sequence alignment between Erithacus rubecula (European
robin) and Arabidopsis thaliana (mouse-ear cress) cryptochromes. The alignment
shows a high similarity between the bird and plant cryptochromes. Erithacus rubec-
ula cryptochrome-1a gives an expectation value of 3 × 10−38 and cryptochrome-1b
gives an expectation value of 2 × 10−37 when compared to Arabidopsis thaliana
cryptochrome-1. Residues conserved between the three cryptochromes are marked
with the ˆ character.
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rubecula (European robin) cryptochrome-1a and cryptochrome-1b with Arabidop-

sis thaliana cryptochrome-1 gives expectation values of 3 × 10−38 and 2 × 10−37,

respectively, with 28% sequence identity for each (see Fig. 2.11). Therefore, the

computational analysis will be based on the electron transfer and spin dynamics of

Arabidopsis cryptochrome-1.

With regard to the similarity of avian and plant cryptochromes, a recent experi-

ment on the effect of an external magnetic field on Arabidopsis thaliana seedlings [57]

is encouraging. It was found that signaling from cryptochrome-1, measured through

a hypocotyl inhibition and anthocyanin production assay, is enhanced when seedlings

are placed in a magnetic field of 5 G, compared with the assay at an Earth-strength

(0.5 G) magnetic field. Mutant seedlings lacking cryptochromes showed no change

under different magnetic field strengths. This observation suggests that the plant

cryptochrome spends a longer time in its signaling state when placed in an external

magnetic field of 5 G than under Earth-strength magnetic field conditions.

Magnetoreception of cryptochrome is studied in chapter 4 of the thesis. The

following issues were considered:

(i) The rate constants for various electron transfer processes (i.e. for the elec-

tron tunneling from one tryptophan to another, and electron back-transfer

from FADH to one of the tryptophans (see Fig. 2.10)) in cryptochrome were

estimated and the corresponding values were compared with experimental ob-

servations;

(ii) The activation yield of cryptochrome was studied as a function of external

magnetic field and it was shown that activation of the protein can be influenced

by the geomagnetic field;

(iii) The activation yield of cryptochrome was studied as a function of the direction

of the external magnetic field. It was demonstrated that the radical-pair-based

compass is an inclination one;

(iv) The evolution of the singlet and triplet spin densities in cryptochrome were

analysed;

proteins or the nucleotides of DNA sequences. A BLAST search enables a researcher to compare
a query sequence with a library or database of sequences, and identify library sequences that
resemble the query sequence above a certain threshold. For example, following the discovery of a
previously unknown gene in the mouse, a scientist will typically perform a BLAST search of the
human genome to see if humans carry a similar gene; BLAST will identify sequences in the human
genome that resemble the mouse gene based on similarity of sequence.
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2.4.2 Iron-Mineral-Based Magnetoreceptor

The second magnetoreception mechanism studied in the present thesis is the so-

called iron-mineral-based magnetoreceptor mechanism. This magnetoreception me-

chanism is thought to be responsible for sensing the magnetic map [52]. However,

this hypothesis has not been verified so-far. In the thesis it is demonstrated that

the iron-mineral system, first discovered in the pigeon beak [58, 112] provides a

sensitive magnetometer with various interesting properties, which are crucial for

bird navigation.

This motivation for the iron-mineral-based magnetoreception mechanism is based

on recent experimental findings of Fleissner et al., who demonstrated the presence

of the small magnetic particles in the upper part of the beak of homing pigeons

(Columba livia) [58, 60, 112] and later in several other birds species [125]. With

the use of different light and electron microscopic methods combined with X-Ray

analysis Fleissner et al. concluded that there are two different types of iron com-

pound in the beak. In the later papers [59–61] these compounds were identified

using micro-synchrotron X-ray-absorption-near-edge-structure-spectroscopy as two

ferrimagnetic materials: magnetite (Fe3O4) and maghemite (γ−Fe2O3). It was

shown that magnetite forms micro clusters, attached to the cell membrane, while

maghemite crystals have a platelet-like structure arranged in chains inside the den-

drite.

Based on their experimental findings Fleissner et al. suggested a mechanism for

an iron-mineral based magnetoreception [60, 61]: namely, in an external magnetic

field the maghemite platelets become magnetized and enhance the local magnetic

field in the cell by orders of magnitude. Thus the magnetite clusters will experience

an attractive (repulsive) force inducing their displacement, which might induce a pri-

mary receptor potential via strain-sensitive membrane channels that could possibly

lead to a certain orientation effect.

This mechanism is different from the magnetite-based magnetoreception mech-

anism suggested earlier because it involves two different types of iron-minerals (see

e.g. [40–44, 62]). In these papers only magnetite was considered and it was sug-

gested that the magnetite clusters, depending on the orientation of the external

magnetic field, will attract or repel each other, deforming the membrane and possi-

bly opening (closing) the ion channels. This mechanism was suggested about fifteen

years ago [62], long before the maghemite platelets were discovered in the beak of
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birds. Since maghemite has a ferrimagnetic nature [63] and possesses pronounced

magnetic properties, the maghemite platelets should play an important role in the

magnetoreception mechanism.

So far no direct experimental or theoretical verifications of the magnetoreception

mechanism suggested in [59–61] has been reported. In the thesis, this problem is

addressed from a theoretical point of view. The studied magnetoreceptor mechanism

is based on the magnetoreceptor model introduced in [60,61]. However, it is slightly

different because in the suggested mechanism the maghemite platelets have a static

magnetic moment rather than an induced one. This assumption is motivated by

the size of the platelets and their composition, which clearly show that maghemite

platelets should behave like small permanent magnets. In order to explain the iron-

mineral based magnetoreceptor model, Fig. 2.12b shows schematically the structure

of a single dendrite containing iron minerals. The figure is based on the experimental

results discussed in Refs. [58–60].

Histological studies of the upper beak of homing pigeons showed [58–61] that

there are six patches in the beak where iron minerals are concentrated, Fig. 2.13a.

The iron minerals were found in symmetrical spots near the lateral margin of the skin

of the upper beak, inside the dendrites of nerve cells (neuron). This is schematically

shown in Fig. 2.12a.

The neuron consists of several dendrites, which induce the nerve signal: an

axon – a long fiber – used to transmit the signal; a soma with the cell nucleus and

an axon terminal, which transmits the nervous signal. The dendrites act as the

nerve signal input interface, while the axon terminal is the signal output interface

(see Fig. 2.12a).

The size of the iron mineral patches in dendrites was found to be always about

the same, being 350 µm long and 200 µm in diameter [58–61] (see Fig. 2.13b and

Fig. 2.13c). In every patch the iron-minerals were found parallel to the axon bundles

with a certain spatial orientation. It was shown [60] that the dendrites in the

frontal, middle and caudal parts of the beak are aligned in three perpendicular

directions: the frontal ones have a preferred dorsal-to-ventral direction, the middle a

median-to-lateral direction and the caudal a caudal-to-rostral direction. The spatial

distribution of iron minerals within the putative magnetoreceptor system, measured

in [60], is illustrated in Fig. 2.13.

In addition it was demonstrated that dendrites containing iron also form a regular

pattern. Several of them may align side by side but, longitudinally, the distance
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Figure 2.12: Schematic illustration of a nerve cell (neuron) (a). The dendrites
form a tree-like structure and are the nerve signal input interface of the neuron,
the axon connects the dendrites with the axon terminal, being the signal output
interface of the neuron. The cell nucleus is located in the soma. The nucleus
contains most of the cell’s genetic material, organized as multiple long linear DNA
molecules in complex with a large variety of proteins, such as histones, to form
chromosomes. The genes within these chromosomes make up the cell’s nuclear
genome. The function of the nucleus is to maintain the integrity of these genes and
to control the activities of the cell by regulating gene expression. The characteristic
size of the cell components is indicated (L – length, D – diameter). Plot (b) of the
figure shows the characterization and subcellular localization of iron minerals within
a dendrite. The drawing shows schematically the structure of a single dendrite
as derived from serial ultrathin (approximately 120 nm) sections with the three
subcellular components containing iron: chains of maghemite crystals (1×0.1×1
µm) magnetite clusters of nanoparticles (diameter about 1 µm), and the iron-coated
vesicle (diameter 3 to 5 µm). Figure presented by the courtesy of Gerta and Günther
Fleissner, Universität Frankfurt am Main.
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Figure 2.13: Spatial distribution of iron minerals within the putative magnetore-
ceptor system, measured in [60]. (a) X-ray image of the upper beak showing its six
iron-containing areas and the prevailing orientation of their dendritic fields (arrows:
c – caudal, d – dorsal, f – frontal, l – lateral, m – median, r – rostral, v – ventral).
(b) Camera lucida drawing of all Prussian blue reactive ’bullets’ (black dots) of one
dendritic field as visible in the light microscope. (c) Axon bundle, which carries
multiple iron-containing dendrites. The dendrites are aligned in parallel.

between them is about 100 µm. This fact has been independently confirmed in the

µ−SXRF-measurements of histologically undisturbed and unstrained material [60].

All dendrites containing iron have a similar structure which is schematically

shown in Fig. 2.12b. Note, that in the dendrite there are three different subcellular

compartments containing iron-minerals: several magnetite clusters, an iron coated

vesicle and maghemite platelets which are marked in Fig. 2.12b. Each dendrite con-

tains 10-15 clusters of magnetite nanocrystals of average size 5 nm [46,47,60]. The

clusters have an average diameter of 1 µm [58–61] and adhere to the cell membrane.

The maghemite platelets form bands, which extend through the entire dendrite.

The magnetite clusters are usually found at the edges of maghemite bands which

include about 5-10 platelets. Each platelet was found to be 1 µm wide and long and

less then 0.1 µm thick [58–61]. The vesicle is most often located in the center of the
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dendrite and its composition is still not well understood. However, in [58–60,125] it

was demonstrated that the vesicle is covered by some non-crystalline iron-substance

and has a diameter of about 5 µm.

Note that the particle arrangement in the dendrite presented in Fig. 2.12b is

different from what was published in Ref. [58]. This happens because the inter-

pretation of experimental data in [58] was based on low resolution measurements

while the quality of experiments has been significantly improved in [60, 61]. Thus

the spatial orientation of iron-mineral particles in the dendrite has been determined

more accurately and differs from the structure presented in [58]. The position of the

large vesicle in the middle of the dendrite is also more reasonable than at the edge,

as published in Ref. [58] due to symmetry. Two hypotheses explaining the possible

roles of the vesicle are given in subsection 5.10.

The idea of the iron-mineral magnetoreception mechanism is rather simple. It

is similar to the idea of an earlier magnetite-based magnetoreception mechanisms.

However, the nature of the forces acting on the magnetite particles and the force

magnitudes are quite different. If the magnetoreceptor unit (Fig. 2.12b) is subject

to an external magnetic field, the forces acting on the magnetite clusters in the

dendrite should be different at different field orientations.

The primary magnetoreceptor unit is defined as the smallest structure possessing

the magnetoreception properties of the whole dendrite. It contains ten maghemite

platelets and one magnetite cluster and is shown in Fig. 2.14. It has been chosen

to study the forces acting on a single magnetite cluster. Note, that in the dendrite

there are about 10-15 of such units (see Fig. 2.12b), which should have similar

behavior in the external magnetic field. Therefore, if the entire dendrite is subject

to an external magnetic field the repetition of the magnetoreceptory units increases

the functional safety of the dendrite magnetoreception.

The geometry of the magnetoreceptor unit is determined from the experimental

observations [60]. Thus, the maghemite platelets have the dimensions 1×0.1×1 µm,

while the magnetite cluster has the diameter of 1 µm. In order to study the behavior

of the magnetoreceptor unit at different orientations of an external magnetic field,

it should be considered in a certain coordinate frame: the maghemite platelets are

put in the (xz)-plane aligned along the x-axis (see Fig. 2.14). The distance between

two neighbouring platelets is equal to 0.1 µm. The platelets are numbered in the

positive direction of the x-axis with the first plate having its origin at (0.5,0,0)

µm. The position of the magnetite cluster is defined by the vector ~R=(x,y,z) (see
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Figure 2.14: Magnetoreceptor unit consisting of ten maghemite platelets (boxes)
and a magnetite cluster (sphere). The coordinate frame shown in the figure is used

in the computations. The direction of the external magnetic induction vector ~B
is characterized by the polar angle Θ and the azimuthal angle Φ as shown. The
magnetic moments of the i-th maghemite platelet and of the magnetite cluster are
shown with ~mi and 〈 ~M〉 respectively. This magnetoreceptor unit is used in the
most discussions throughout the dissertation, however in section 5.7 the modified
magnetoreceptor unit with one, two, three, etc platelets is considered as well as the
composition of several magnetoreceptor units of different size.

Fig. 2.14).

It is still unclear if the maghemite platelets are fixed in space or can rotate. There

are experimental claims [58–60, 125] that the platelets are fixed, but this fact has

not been verified carefully so-far. In the present model it will be assumed that the

platelets are quasi-fixed, i.e. they can rotate only in the (xz)-plane. This assumption

is governed by the size and spatial arrangement of the platelets in the dendrite.

According to the experimental observations [60] chains of maghemite platelets are

packed tightly side by side and thus the rotation of platelets in the (xy) or (yz)
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planes is difficult. The rotation of platelets in the (xz)-plane is much more probable

and can be excited by the external magnetic field for example directed along the

z-axis. The model of rotating platelets is used in most discussions in the present

thesis. However in section 5.7 the fixed platelets are also discussed.

Another important question is the number of platelets in the magnetoreceptor

unit. It is assumed that each magnetoreceptor unit has 10 platelets as suggested by

the experimental observations [60]. However there might be units with a different

number of platelets, i.e. with five, two, one. As will be shown in section 5.8 that

such systems might play a very important role in the magnetoreception process.

Therefore an experimental determination of the distribution of magnetoreceptor

units with different number of platelets is necessary.

The vector of the external magnetic induction, ~B, is also shown in Fig. 2.14. It

is described by an absolute value, B0, polar angle Θ and azimuthal angle Φ.

Chapter 5 of the thesis is devoted to the study of the iron-mineral-based mag-

netoreceptor mechanism in birds. The following points are emphasized:

(i) The potential energy surface of the magnetite cluster in magnetoreceptor unit

is studied at different orientations of external magnetic field;

(ii) The forces which act on the magnetite cluster are calculated and analyzed;

(iii) The force differences caused by the change of the direction of external magnetic

field are established;

(iv) The probability of opening certain mechanosensitive ion channels in the nerve

cell membrane is calculated;

(v) The magnetic field range, i.e. the magnetic functionality window of the iron-

mineral-based magnetoreceptor is determined;

(vi) It is demonstrated that the iron-mineral based magnetoreceptor mechanism

provides a polarity compass;

(vii) The functionality of the magnetoreceptor unit with N=1, 2, 3,... 10 platelets

has been considered and it is shown that for N=1 the system provides an

inclination compass;

(viii) The influence of strong magnetic fields on the magnetoreceptor unit has also

been analyzed.
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Chapter 3

Theoretical Background

3.1 The Radical Pair Mechanism

In this section the formalism of the radical pair mechanism is discussed. At first

the general ideas behind the radical pair mechanism are presented in order to ex-

plain the physics behind this mechanism. In the later subsections the formalism of

the radical pair mechanism theory is applied to cryptochrome and the calculation

of cryptochrome activation and its magnetic field dependence is outlined. This is

achieved by incorporating realistic hyperfine coupling tensors for FADH and tryp-

tophan, by including multiple tryptophans in the photoreduction pathway, and by

using realistic reaction rate constants for electron forward transfer, electron back-

transfer, and tryptophan deprotonation.

3.1.1 The Radical Pair Mechanism: Introduction

Spin populations of diamagnetic1 and paramagnetic2 species in the presence of an

external magnetic field are usually in thermal equilibrium if no saturation and polar-

ization transfer are present. Chemically Induced Magnetic Polarization is the name

1Diamagnetism is a weak repulsion from a magnetic field. It is a form of magnetism that is
only exhibited by a substance in the presence of an externally applied magnetic field. It results
from changes in the orbital motion of electrons. Applying a magnetic field creates a magnetic force
on a moving electron in the form of F = qv ×B. This force changes the centripetal force on the
electron, causing it to either speed up or slow down in its orbital motion. This changed electron
speed modifies the magnetic moment of the orbital in a direction opposing the external field.

2Paramagnetism is a form of magnetism which occurs only in the presence of an externally
applied magnetic field. Paramagnetic materials are attracted to magnetic fields, hence have a rel-
ative magnetic permeability greater than one (or, equivalently, a positive magnetic susceptibility).
However, unlike ferromagnets which are also attracted to magnetic fields, paramagnets do not
retain any magnetization in the absence of an externally applied magnetic field.
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given to the generation of the non-equilibrium nuclear and electron spin levels pro-

duced during chemical reactions with the participation of free radicals. The nuclear

phenomenon is called Chemically Induced Dynamic Nuclear Polarization (CIDNP).

The explanation of the experimentally observed CIDNP phenomena has been

enabled by the appearance and development of the radical pair mechanism theory

[148–152]. The vast majority of the CIDNP observations can be treated within this

theory.

In chemistry, radicals (often referred to as free radicals) are atomic or molecular

species with unpaired electrons on an otherwise open shell configuration. These

unpaired electrons are usually highly reactive, so radicals are likely to take part

in chemical reactions. Radicals play an important role in combustion, atmospheric

chemistry, polymerization, plasma chemistry, biochemistry, and many other chemi-

cal processes, including human physiology. The radical pair mechanism requires the

participation in a chemical reaction of a pair of short-lived, reactive radicals with

the following properties:

(i) The two radicals must be created simultaneously from non-radical precursor

molecules. The examples of this process are:

Unimolecular homolytic cleavage, i.e. the breaking of a single (two-

electron) bond in which one electron remains on each of the atoms. This

process is also known as free-radical reaction. The general chemical reaction

for this process can be written as:

A− B −→ [A• B•], (3.1)

where A-B represents a molecule (for example Br-Br, or CH3-CH3), while A•

and B• represent the two radicals (i.e. Br• in the case of the Br2 molecule or

CH•
3 in the case of the C2H6 molecule.).

Intermolecular electron transfer, i.e. a process by which an electron moves

from one atom or molecule to another. Electron transfer is a mechanistic de-

scription of the thermodynamic concept of redox, wherein the formal oxidation

states of both reaction partners change. Numerous essential processes in biol-

ogy employ electron transfer reactions, including: oxygen binding/transport,

photosynthesis/respiration, metabolic syntheses, and detoxification of reac-

tive species. Additionally, the process of energy transfer can be formalized
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as a two electron exchange (two concurrent electron transfer events in oppo-

site directions). Electron transfer reactions commonly involve transition metal

complexes, but there are now many examples of electron transfer in organic

molecules [137–139,144,145,153–160].

The general chemical reaction for this process can be written as

C + D −→ [C•+ D•−], (3.2)

where C and D represent the electron donor and acceptor molecules respec-

tively. The electron transfer process in cryptchrome, described in subsection

2.4.1, is a typical example.

Intermolecular hydrogen atom transfer, i.e a process by which a hy-

drogen atom moves from one molecule, and attaches to another. It can be

schematically denoted in the following reaction scheme:

E− H + F −→ [E• F− H•], (3.3)

The reactions described above may be induced thermally, photochemically or by

ionizing radiation.

(ii) The formation of the radical pair must be such that the two unpaired elec-

trons, one on each radical, have correlated spins. The electron spins of the two

radicals must initially be either parallel (↑↑) or antiparallel (↑↓) to one another.

The former is called a triplet state (T) and the latter a singlet state (S). Conserva-

tion of spin angular momentum usually ensures that at the moment of its creation

the radical pair has the same multiplicity (S or T) as its precursor(s). For example:

S[A-B]→S[A• B•],
Singlet radical pair formed by the thermal decomposi-
tion of a singlet precursor, all of whose electron spins
paired.

TC+D→T[C•+ D•−],
Triplet radical pair formed by electron transfer from
a photoexcited triplet donor molecule to an acceptor
molecule.

(iii) Singlet and triplet radical pairs must have different fates; i.e. the reactivity

of the pair must be spin-selective. This usually arises from the requirements that the

spin angular momentum is conserved and that the chemical bonds are comprised
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of the electrons with antiparallel spins. For example, the following processes are

usually forbidden

T[A•+B•]→A-B
T[E• F-H•]→E-H+F

The electrons that make up the A-B and E- H bonds
must be antiparallel.

S[C•+ D•−]→TC+D
S[C•+ D•−]→C+TD
T[C•+ D•−]→C+D

No bonds are made in an electron transfer reaction,
but spin angular momentum must be conserved.

(iv) At least one of the radicals must have hyperfine couplings. These are in-

tramolecular interactions between the magnetic moments of the unpaired electron

and the nuclei of atoms such as hydrogen (1H), nitrogen (14N) and phosphorus (31P).

The hyperfine interaction is discussed in more detail in subsection 3.1.3. Atomic nu-

clei are magnetic if, like the electron, they possess spin angular momentum. Nuclei of

atoms such as carbon (12C) and oxygen (16O) have no spin and hence no magnetism.

Almost all radicals have at least one or more hyperfine couplings.

Hyperfine interactions are crucial because they affect the interconversion between

the S and T states of a radical pair. S↔T interconversion is a coherent, oscillatory

and quantum mechanical process: radical pairs oscillate between S and T states

at frequencies determined by the strength of the hyperfine interactions. Typical

hyperfine couplings are in the range 100-1000 µT, corresponding to interconversion

frequencies of 3-30 MHz. The timescale of S↔T interconversion is thus approxi-

mately 30-300 ns. In subsection 3.1.8, estimates of the S↔T interconversion period

will be considered.

3.1.2 Radical Pair Hamiltonian

The radical pair mechanism is known to operate for radical reactions in solution

[93, 161–164] and in solid-like environments [91, 165–167]. We start with the latter,

as it is more closely related to the subject of the thesis. The idea of the radical-

pair-based compass in birds have been outlined and described in section 2.4.1. It

has been proposed that the radical pair mechanism – supposedly linked to the avian

compass – arises in the protein cryptochrome.

In the present section, the underlying theory behind the radical pair mechanism

in cryptochrome will be outlined. Let us begin by constructing the Hamiltonian for

the possible radical pair in cryptochrome.
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The Hamiltonian for the intermediate radical pair systems, FADH + Trp400+,

FADH + Trp377+, or FADH + Trp324+, is the sum of two Hamiltonians for each

radical pair, e.g., a Hamiltonian for FADH and a Hamiltonian for Trp400+. In

addition, a Hamiltonian Ĥint accounts for the exchange and dipolar interactions

within the radical pair. This part of the Hamiltonian will be discussed in more

details in subsection 3.1.4.

The Hamiltonian for one specific pair is denoted generically as

Ĥ = ĤFADH + ĤTrp + Ĥint . (3.4)

The Hamiltonians ĤFADH and ĤTrp, as explained in [36, 88], are composed of a

Zeeman and a hyperfine coupling interaction term and are respectively written as

Ĥj = µB( ~B · ĝ · ~Sj) + µB

∑
i

(~Ii · Âi · ~Sj) (3.5)

where j denotes the FADH or the tryptophan radical, ~Ii = (Ix, Iy, Iz)i is the spin

operator of the i-th nucleus, ~Sj = (Sx, Sy, Sz) is the electron spin operator, Âi is the

hyperfine coupling tensor for nucleus i, µB = 5.78843× 10−9 eV/Gauss is the Bohr

magneton, and

~B = (Bx, By, Bz) = (B0 sin Θ cos Φ, B0 sin Θ sin Φ, B0 cos Θ) (3.6)

is the induction vector of the external magnetic field. The sum over i in Eq. (3.5) is

performed over all the nuclei of one radical. The second term in Eq. (3.5) describes

the coupling interaction and is discussed in more details in subsection 3.1.3.

The nuclear and electron spins, and the external magnetic field are depicted in

Fig. 3.1. As explained in detail in [88, 89], in the semiclassical picture the electrons

precess in the local magnetic field corresponding to the term µB( ~B +
∑

i
~Ii · Âi) in

Eq. (3.5), with contributions from the external field ~B and from the nuclear spins ~Ii.

The operator ĝ is the so-called g−tensor which in an appropriate coordinate system,

can be diagonalized with diagonal values called g-factors:

ĝ =




gxx 0 0
0 gyy 0
0 0 gzz


 . (3.7)

In this work an isotropic g−tensor is assumed, where gxx = gyy = gzz = g = 2.
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Figure 3.1: Schematic illustration of electron hole transfer and electron spin dy-
namics in the FADH cofactor and the tryptophan chain. Following photoexcita-
tion of the FADH cofactor, an electron hole propagates outward through the three-
tryptophan chain (transfer times 10 ns), forming in sequence the radical pair states
FADH + Trp400+ → FADH + Trp377+ → FADH + Trp324+. The latter radi-
cal pair state is terminated through either electron back-transfer or deprotonation
with transition times 100 ns and 300 ns, respectively. The system spends about
100 ns in the FADH + Trp324+ state but only 10 ns the FADH + Trp400+ and
FADH + Trp377+ states (radical pair state lifetimes are shown in square boxes),
making the FADH + Trp324+ radical pair state the major contributor to the mag-
netic field effect. Electron hole migration (10 ns), spin precession (20 ns), electron
back-transfer (100 ns) and deprotonation of Trp324 (300 ns) are shown with arrows.
Also shown are the electronic and nuclear spins in the FADH + Trp324+ radical
pair; while in Trp400 and Trp377 only the nuclear spins are shown. The nuclear
spins are shown with typical random orientations, and the electron spins are shown
in the initial anti-parallel, i.e. singlet, alignment. The picture corresponds to the
so-called semi-classical description of electron-nuclear spin dynamics [88,89]. In this

description, the electron spins (~S1 and ~S2) precess about a local magnetic field pro-

duced by the addition of the external magnetic field ~B and contributions ~I1 and ~I2

from the nuclear spins on the two radicals. The spin precession continuously alters
the relative spin orientation, causing the singlet (anti-parallel) ↔ triplet (parallel)
interconversion which underlies the magnetic field effect.

The dimension of the Hamiltonian in Eq. (3.5) is determined by the dimensions

of the spin spaces of the nuclei. The spin operator in Eq. (3.5) can be written

Sk =

(
1

2
σk

)
⊗ EDim(I1) ⊗ EDim(I2) ⊗ ..., k = x, y, z (3.8)
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where (σx, σy, σz) are the Pauli spin matrices [168–170]:

σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
, σz =

(
1 0
0 −1

.

)
(3.9)

En in Eq. (3.8) is the identity matrix of dimension n. The dimension of the identity

matrices is determined by the dimension of the spin spaces of the corresponding

nuclei, shown in Eq. (3.8) as a subscript to matrices E. The ⊗ symbol denotes

the direct product (see Appendix A for more details regarding the direct product

algebra).

The nuclear spin matrices ~I for spin-1/2 nuclei (i.e. hydrogen 1H) are defined as

follows:

Ik =
1

2
σk, k = x, y, z (3.10)

while the spin matrices for spin-1 nuclei (i.e. nitrogen 14N) are (see, for example,

[169,171]):

Ix =
1√
2




0 1 0
1 0 1
0 1 0


 , Iy =

1√
2




0 −i 0
i 0 −i
0 i 0


 , Iz =




1 0 0
0 0 0
0 0 −1


 . (3.11)

Spin matrices for higher spins are irrelevant here because in the considered radical

pairs include only hydrogen and nitrogen are the particles with hyperfine couplings,

while for carbon and oxygen it is zero.

3.1.3 Hyperfine Interaction

The hyperfine interaction, ĤHF , is basically a dipolar coupling between an electron

and a nuclear spin. It is described by the following Hamiltonian:

ĤHF = µBgeµNgN

[
3(~S~r)(~I~r)

r5
−

~S~I

r3

]
+

8π

3
µBgeµNgN

~S~Iρ(0). (3.12)

Here, ge and gN are the g-factors of the electron and the nucleus respectively. µB and

µN are the electron and nuclear magnetic moments respectively. ρ(0) = |Ψ(0)|2 is

the unpaired electron density at the site of the nucleus. The first term in Eq. (3.12)

describes the pure dipole-dipole interaction between the electron and nuclear spin.

For electrons that are not close to the nucleus (such as the p, d or f electrons) this
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is the main contribution to the hyperfine interaction. The second term describes

the Fermi – contact interaction between the nuclei and the s-electron. Note that in

many-electron systems even the p, d or f electrons may have a partial s-character and

therefore contributions from Fermi – contact have to be considered. The hyperfine

interaction, Eq. (3.12) can be expressed in terms of the hyperfine coupling tensor Â

as follows:

ĤHF = µB

∑
i

(~Ii · Âi · ~Sj), (3.13)

what corresponds to the second term in Eq. (3.5).

The hyperfine coupling tensor parameterizes the electron-nuclear spin interac-

tion, and can be derived from molecular electronic energy terms that are bilinear

in electronic spin and nuclear spin. One can define the hyperfine coupling tensor

relative to a magnetic nucleus i as the second derivative of the molecular electronic

energy (E) with respect to the total electronic S, and nuclear Ii spins:

Ai =
∂2E

∂S∂Ii
. (3.14)

Thus, each nuclear spin is coupled to the electron spin by a hyperfine coupling tensor

Âi. This hyperfine coupling tensor is split into an isotropic and an anisotropic part:

∑
i

(~Ii · Âi · ~Sj) =
∑

i

(~Ii · Â(iso)
i · ~Sj) +

∑
i

(~Ii · Â(aniso)
i · ~Sj). (3.15)

The isotropic part can be written (for the sake of simplicity the index j is left out)

as

∑
i

(~Ii · Â(iso)
i · ~S) =

∑
i

A
(iso)
ixx

[(
1

2
σx

)
⊗ ...⊗ I(i)

x ⊗ ...

]

+ A
(iso)
iyy

[(
1

2
σy

)
⊗ ...⊗ I(i)

y ⊗ ...

]

+ A
(iso)
izz

[(
1

2
σz

)
⊗ ...⊗ I(i)

z ⊗ ...

]
, (3.16)

where

Aiso
ixx

= Aiso
iyy

= Aiso
izz

= aiso
i (3.17)

are the isotropic hyperfine coupling constants.
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The isotropic part of the hyperfine tensor is diagonal in the same basis as the

g-tensor, but the anisotropic part, in general, is not. The hyperfine axes define the

orthonormal basis in which the anisotropic part of the hyperfine tensor is diagonal.

In order to compute the inner product ~I · Â(aniso) · ~S, the electron and nuclear spins

must be rotated into the same basis. If the coordinate frames of the g-tensor and the

anisotropic hyperfine tensor are denoted as (x, y, z) and (x′, y′, z′) – corresponding

to the unit vectors (~i,~j,~k) and (~i′, ~j′, ~k′) respectively – then the anisotropic part of

the tensor can be written as

∑
i

(~Ii · Â(aniso)
i · ~S) =

∑
i

A
(aniso)
ixx

[(
1

2
σ′x

)
⊗ ...⊗ I ′(i)x ⊗ ...

]

+ A
(aniso)
iyy

[(
1

2
σ′y

)
⊗ ...⊗ I ′(i)y ⊗ ...

]

+ A
(aniso)
izz

[(
1

2
σ′z

)
⊗ ...⊗ I ′(i)z ⊗ ...

]
. (3.18)

Here the rotated spin matrices are





σ′x = σx(~i · ~i′) + σy(~j · ~i′) + σz(~k · ~i′)
σ′y = σx(~i · ~j′) + σy(~j · ~j′) + σz(~k · ~j′)
σ′z = σx(~i · ~k′) + σy(~j · ~k′) + σz(~k · ~k′)

. (3.19)

In this model the three tryptophans are considered to be identical and as such,

the orientational differences between them are neglected. Hence each will have an

identical Hamiltonian.

Note that the anisotropic hyperfine coupling constants in Eq. (3.18) in general

can be different: A
(aniso)
ixx

6= A
(aniso)
iyy

6= A
(aniso)
izz

.

3.1.4 Exchange and Dipolar Interactions

In addition to the Zeeman and hyperfine coupling interaction terms in Eq. (3.5),

one also needs to take into account, the electron-electron exchange and dipolar

interactions in the radical pair. This is done through the term Ĥint in Eq. (3.4).

These interactions play an important role when the distances between the radicals

are small comparing to the characteristic size of the radicals. The part of the

Hamiltonian describing the electron-electron exchange and dipolar interactions is

Ĥint = µBJ(R)

(
1

2
+ 2~S1 · ~S2

)
+ µBD(R)

[
~S1 · ~S2 − 3(~S1 · ~n)(~S2 · ~n)

]
(3.20)
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where ~S1 and ~S2 are respectively the unpaired electron spins on the FADH and Trp

radicals. The functions J(R) and D(R) describe the strength of the exchange and

dipolar couplings and are assumed, as is often done (see e.g. Refs. [95,172]), to take

the simple functional form

J(R) = J0 exp [−β0R] (3.21)

D(R) = µB/R3. (3.22)

In Eqs. (3.20)-(3.22), R is the edge-to-edge distance (i.e. the minimal distance)

between the radicals, J0 is the exchange coupling constant, ~n is the unit vector in

the direction of ~R, and β0 is the range parameter. The exchange and dipolar coupling

parameters rapidly decrease with distance between the radicals and can be neglected

if the distance is sufficiently large (i.e the distance between the radicals is greater

than the characteristic size of the radicals). It is possible to estimate the values of

the coupling parameters for a given distance between the FADH and Trp radicals

using Eqs. (3.20-3.22). The characteristic distances RFADH-Trp400, RFADH-Trp377, and

RFADH-Trp324 are:

RFADH-Trp400 = 6.0 Å

RFADH-Trp377 = 8.9 Å

RFADH-Trp324 = 13.3 Å.

The values for J0 and β0 are taken (from a study of acyl-ketyl biradicals [95, 172])

to be J0 = 7 × 109 G and β0 = 2.14 Å−1; these values are typical for radical pairs

in solution. With these values for J0, β0, and R, one makes the following estimates

for the exchange coupling parameters:

J(RFADH-Trp400) ≈ 19000 G

J(RFADH-Trp377) = 37 G

J(RFADH-Trp324) = 0.006 G.

The estimated values for the dipolar coupling parameters are

D(RFADH-Trp400) ≈ 43 G

D(RFADH-Trp377) = 13 G

D(RFADH-Trp324) = 4 G.
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The estimated exchange interaction in the FADH + Trp400+ radical pair is signif-

icantly larger than the hyperfine interaction, which is characterized by a coupling

constant (Aiso
i in Eq. (3.16)) of about 10 G per nucleus (see chapter 4). In the FADH

+ Trp377+ radical pair, the exchange interaction is significantly smaller than for the

FADH + Trp400+ pair, but is comparable with the typical hyperfine interaction. In

the FADH + Trp324+ radical pair, the exchange interaction is much smaller than

both the typical hyperfine interaction and the external magnetic field. However,

it must be stressed that the given estimates are only qualitative and that the real

exchange interaction in cryptochrome may be significantly different from the val-

ues given above. An accurate calculation of the exchange interaction depends upon

knowledge of the constants J0 and β0, and the coupling parameter is especially

sensitive to the constant β0. For example, a value of β0 = 4.28 Å−1 [95] produces

J(RFADH-Trp400) ≈ 0.05 G

J(RFADH-Trp377) = 2× 10−7 G

J(RFADH-Trp324) = 4.8× 10−15 G,

all of which are negligible in comparison with the hyperfine interaction.

The estimated dipole-dipole interaction appears to be of the same order of magni-

tude as the hyperfine interaction term for the FADH+Trp400+ and FADH+Trp377+

radical pairs (see the discussion in subsection 4.2), however it is notably smaller than

the typical hyperfine interaction for the FADH + Trp324+ radical pair.

Large values of the exchange or dipolar coupling parameters in the Hamilto-

nian of a radical pair mean that the singlet-triplet interconversion process in the

radical pair will be suppressed [95]. The large estimates for the exchange and

dipolar couplings for the FADH + Trp400+ and FADH + Trp377+ pairs would

then seem problematic for the production of a magnetic field effect. However,

because the characteristic rate for electron transfer from Trp377 to Trp400 and

from Trp324 to Trp377 is of the same order of magnitude as the singlet-triplet in-

terconversion rate (see discussion on rate constants in subsection 4.3 and on the

singlet – triplet interconversion in subsection 3.1.8), neglecting the exchange and

dipolar interaction terms for these pairs will not significantly affect the spin dy-

namics. As is further illustrated in Fig. 3.1, the main contribution to the spin

dynamics of the system comes from the FADH + Trp324+ radical pair due to the

disparity in the lifetimes τ(FADH + Trp400+) ≈ τ(FADH + Trp377+) ≈ 10 ns and
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τ(FADH + Trp324+) ≈ 100 ns. Hence neglecting the exchange and dipolar interac-

tion in the FADH + Trp400+ and FADH + Trp377+ pairs is acceptable. For the

FADH + Trp324+ radical pair, the estimates for both the exchange and dipolar

couplings are smaller than the typical hyperfine interaction, so the exchange and

dipolar interactions may be neglected for this pair as well. For these reasons the

term Hint in Eq. (3.4) is neglected and only the effects of the Zeeman and hyperfine

interaction terms are considered.

3.1.5 Density Matrix and the Liouville Equation

For the description of spin dynamics in a quantum system (i.e. the time evolution of

the radical pair in cryptochrome) one has to solve the Schrödinger equation which

describes the evolution of the wavefunction of the system (see e.g. [169,170]):

Ĥ|Ψ〉 = i~
∂|Ψ〉
∂t

, (3.23)

where Ĥ is the Hamilton operator (Hamiltonian) and |Ψ〉 is the wavefunction of the

system, which can be written as:

|Ψ〉 =
∑

n

Cn|un〉, (3.24)

where the set of states {|un〉} is orthonormal and complete, that is

〈um|un〉 = δnm;
∑

n

|un〉〈un| = 1 (3.25)

The time-dependent expansion coefficients Cn in Eq. (3.24) satisfy the relation

∑
n

|Cn|2 = 1, (3.26)

expressing the fact that |Ψ〉 is normalized. According to the principles of quantum

mechanics, full information regarding the physical system is contained in its wave-

function |Ψ(t)〉 being a normalized vector in a certain Hilbert space. Each physical

quantity, A, is described by a corresponding Hermitian operator Â. The expectation

value of the observable A in the Schröodinger picture is then given as

〈A〉t = 〈Ψ(t)|Â|Ψ(t)〉 (3.27)
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This statement can be checked only by performing the measurement of observable

A on the ensemble of systems, each prepared in the quantum-mechanical state |Ψ〉.
If the measurements are done only on one system it is not possible to predict the

result with certainty. Note that the average in (3.27) depends parametrically on

time.

Let us now compute the expectation value of the observable A. Substituting

expansion Eq. (3.24) into Eq. (3.27) one obtains:

〈A〉t =
∑
m,n

C∗
n(t)Cm(t)Anm (3.28)

where Anm denotes the matrix element 〈un|Â|um〉. Let us consider the operator

ρ ≡ |Ψ(t)〉〈Ψ(t)|. The operator ρ is usually referred as the density operator

[169–171, 173] and its corresponding matrix – the density matrix. The density

operator is a Hermitian operator, with matrix elements

ρmn(t) = 〈um|ρ(t)|un〉 = Cm(t)C∗
n(t). (3.29)

Since |Ψ(t)〉 is normalized:

1 =
∑

n

|Cn(t)|2 =
∑

n

ρnn(t) = Tr[ρ(t)]. (3.30)

Here Tr[A] denotes the trace of matrix A. With the use of the density operator it

is possible to re-express the expectation value of observable A:

〈A〉t =
∑
m

∑
n

Cm(t)C∗
n(t)Amn =

∑
m

∑
n

ρmn(t)Amn =

=
∑

n

[ρ(t)A]nn = Tr[ρ(t)A]. (3.31)

The time evolution of a quantum state is described by the Schrödinger equation

Eq. (3.23). Thus, the time evolution of the density operator may be computed

according to:

d

dt
ρ(t) =

d

dt
(|Ψ(t)〉〈Ψ(t)|) = |Ψ̇(t)〉〈Ψ(t)|+ |Ψ(t)〉〈Ψ̇(t)| =

= − i

~
Ĥ|Ψ(t)〉〈Ψ(t)|+ i

~
|Ψ(t)〉〈Ψ(t)|Ĥ =

= − i

~
[Ĥ, ρ(t)]−. (3.32)
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This equation of motion is usually referred to as the Liouville – von Neu-

mann equation for the density operator [169–171, 173]. The notation [Ĥ, ρ(t)]−
in Eq. (3.32) denotes the commutator corresponding to [Â, B̂]− = ÂB̂ − B̂Â.

3.1.6 Stochastic Liouville Equation

Within the semiclassical approach [174–178] one can describe fluctuating irreversible

processes in the system by adding a non-Hermitian relaxation term −i~K̂(t)

in the operator Ĥ. An example of such process is the electron-hopping process

introduced in section 2.4.1. Thus, such fluctuating irreversible processes result in

modification of the Liouville equation (3.32). In this case the evolution of the wave-

function is described by the following equation:

|Ψ̇〉 = − i

~
Ĥ0|Ψ〉 − K̂|Ψ〉. (3.33)

Here Ĥ0 is the Hermitian part of the Hamiltonian (i.e. the spin Hamiltonian defined

in subsection 3.1.2). Thus:

Ĥ = Ĥ0 − i~K̂(t). (3.34)

The complex conjugate to Eq. (3.33) reads as:

〈Ψ̇| = i

~
〈Ψ|Ĥ0 − 〈Ψ|K̂. (3.35)

Substituting Eqs. (3.33)-(3.35) in the equation for the time derivative of the density

matrix (3.32) one obtains

ρ̇ = |Ψ̇(t)〉〈Ψ(t)|+ |Ψ(t)〉〈Ψ̇(t)| =
= − i

~
Ĥ0|Ψ(t)〉〈Ψ(t)|+ i

~
|Ψ(t)〉〈Ψ(t)|Ĥ0 (3.36)

−K|Ψ(t)〉〈Ψ(t)| − |Ψ(t)〉〈Ψ(t)|K.

Introducing the anticommutator [Â, B̂]+ of two operators Â and B̂ as:

[Â, B̂]+ = ÂB̂ + B̂Â (3.37)

Eq. (3.37) can be rewritten as follows:

ρ̇ = − i

~
[Ĥ0, ρ(t)]− − [K̂, ρ(t)]+. (3.38)
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This equation of evolution of the density matrix is usually referred as the modified

Liouville equation or the stochastic Liouville equation [174–178].

In order to describe FAD photoreduction and a radical-pair-based magnetic field

effect in cryptochrome, the description in [1] is extended and three intermediate

radical pairs, i.e., FADH + Trp400+, FADH + Trp377+, and FADH + Trp324+, are

included as shown in Figs. 2.10 and 3.1. The time-evolution of the corresponding

spin system is described through a modified stochastic Liouville equation. For this

purpose, three density matrices ρi are defined for the states 1 ≤ i ≤ 3 corresponding

to FADH + Trp400+, FADH + Trp377+, and FADH + Trp324+. Each density

matrix follows a stochastic Liouville equation which describes the spin motion and

also takes into account the transitions into and out of a particular state into other

states, as illustrated in Fig. 2.10. The equations that govern the evolution of the

density matrices ρi are generalizations of Eq. (3) in [1]:

∂ρ1(t)

∂t
= − i

~
[Ĥ1, ρ1]− − k1

2
[Q̂S, ρ1]+ − k1

2
[Q̂T , ρ1]+ − kb

1

2
[Q̂S, ρ1]+ (3.39)

∂ρ2(t)

∂t
= − i

~
[Ĥ2, ρ2]− − k2

2
[Q̂S, ρ2]+ − k2

2
[Q̂T , ρ2]+ − kb

2

2
[Q̂S, ρ2]+ (3.40)

+
k1

2
[Q̂S, ρ1]+ +

k1

2
[Q̂T , ρ1]+

∂ρ3(t)

∂t
= − i

~
[Ĥ3, ρ3]− − kd

2
[Q̂S, ρ3]+ − kd

2
[Q̂T , ρ3]+ − kb

3

2
[Q̂S, ρ3]+ (3.41)

+
k2

2
[Q̂S, ρ2]+ +

k2

2
[Q̂T , ρ2]+ .

The operators kiQ̂
S/2 and kiQ̂

T /2 (with ki equal to k1, k2, kd, kb
1, kb

2 or kb
3) are the

non-Hermitian operators K̂ in Eq. (3.38) [1,36,89,93,129,130,164,167,179]. Q̂S and

Q̂T are the projection operators onto the singlet and triplet states of the electron

spin pair, which are defined as (see for example Refs. [1, 36, 93,167]):

Q̂S =
1

4
− ~S1 · ~S2 (3.42)

Q̂T =
3

4
+ ~S1 · ~S2, (3.43)

where ~S1 and ~S2 denote the spin-matrices which describe the unpaired electron on

FADH and Trp respectively. Ĥi in Eqs. (3.39)-(3.41) is the Hamiltonian associated

with the radical pair that consists of FADH and the ith tryptophan. Since all tryp-

tophans are assumed to be identical, it then follows that Ĥ1 = Ĥ2 = Ĥ3 = Ĥ. The
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rate constants associated with the process of electron jumping from one tryptophan

to the next are denoted by k1 and k2. The rate constants for electron back-transfer

from each of the three tryptophans are denoted kb
1, kb

2, and kb
3, while kd is the rate

constant associated with tryptophan deprotonation [138]. The following assump-

tions and notational conventions will be adopted

k1 = k2 = ket (3.44)

kb
1 = kb

2 = kb
3 = kb .

The subscript et shows that the corresponding rate constant describes the electron

transfer process. These assumptions will be rationalized in the discussion of rate

constants in chapter 4, section 4.3. The assumptions Eq. 3.45 reduces the number

of parameters in the problem to three: ket, kb and kd. These parameters will be

estimated in section 4.3.

To illustrate the derivation of Eqs. (3.39)-(3.41) it will be useful to explain the

right-hand-side of Eq. (3.40). The first term describes the electron spin motion;

the second and third terms describe the loss of density due to the electron hole

transitions FADH + Trp377+ → FADH + Trp324+; the fourth term describes the

electron back-transfer FADH + Trp377+ → FADH+ + Trp377; the last two terms

account for the electron hole transition FADH + Trp400+ → FADH + Trp377+.

Terms two, three, five, and six correspond to spin-independent reactions, but term

four describes a manifestly spin-dependent reaction, as electron back-transfer is only

permitted when the FADH + Trp377+ radical pair is in an overall singlet electron

spin pair state.

By using the relationship Q̂T = 1− Q̂S and collecting terms, Eqs. (3.39)-(3.41)

can be re-written as:

∂ρ1(t)

∂t
= − i

~
[Ĥ, ρ1]− − ketρ1 − kb

2
(Q̂Sρ1 + ρ1Q̂

S) (3.45)

∂ρ2(t)

∂t
= − i

~
[Ĥ, ρ2]− − ketρ2 + ketρ1 − kb

2
(Q̂Sρ2 + ρ2Q̂

S) (3.46)

∂ρ3(t)

∂t
= − i

~
[Ĥ, ρ3]− − kdρ3 + ketρ2 − kb

2
(Q̂Sρ3 + ρ3Q̂

S) . (3.47)

Simplifying once more, one obtains the final set of coupled differential equations as:
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∂ρ1(t)

∂t
= −

(
i

~
Ĥ +

kbQ̂
S

2

)
ρ1 + ρ1

(
i

~
Ĥ − kbQ̂

S

2

)
− ketρ1 (3.48)

∂ρ2(t)

∂t
= −

(
i

~
Ĥ +

kbQ̂
S

2

)
ρ2 + ρ2

(
i

~
Ĥ − kbQ̂

S

2

)
− ketρ2 + ketρ1 (3.49)

∂ρ3(t)

∂t
= −

(
i

~
Ĥ +

kbQ̂
S

2

)
ρ3 + ρ3

(
i

~
Ĥ − kbQ̂

S

2

)
− kdρ3 + ketρ2 . (3.50)

Assuming that the system with the hole on the first tryptophan and with the

electron spin pair in the singlet (rather than triplet) state, the initial conditions are:

ρ1(0) =
Q̂S

Tr[Q̂S]
, (3.51)

ρ2(0) = 0 , (3.52)

ρ3(0) = 0 . (3.53)

This assumption is based on experimental data taken from DNA photolyase [141].

DNA photolyase is the prokaryotic homologous protein of cryptochrome. The simi-

larity of photolyase and cryptochrome has been discussed in subsection 2.4.1. The

actual initial state of cryptochrome is not known and might be a triplet state; how-

ever, the results of calculation would be qualitatively similar if a triplet state would

be chosen for the initial condition.

Note that the possibility of electrons transferring backwards in the tryptophan

chain is not included in the model, i.e., electrons undergo the transfers Trp377 →
Trp400, or Trp324→ Trp377, but never the transfers Trp400→ Trp377, or Trp377→
Trp324. While the latter transfers are feasible, calculations in the Ref. [140] and the

estimates presented in the next chapter suggest that the rate constants for electrons

transferring backwards in the chain are 2 to 3 orders of magnitude smaller than the

rate constants for forward transfer. As will be described in the following section

the rate constant of the electron transfer process is determined by the free energy

of the reaction, which in the case of electron forward transfer is negative (i.e. the

product state is energetically more favorable than the initial state), and is positive

in the case of electron backward transfer. This implies that the probability for the

electron to transfer backward is small and, therefore, the reverse electron transfer is

neglected in the model discussed.
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3.1.7 Theory of Electron Transfer

Let us consider a unimolecular electron transfer reaction (i.e. an electron transfer

in cryptochrome). The general equation of the charge transfer reads as:

D−A −→ D+ + A− (3.54)

The electronic-nuclear coupling is strong and electron transfer is controlled by

the nuclear motion. The system moves on diabatic energy surfaces (see Fig. 3.2).

Tunneling between reactant and product states occurs when both electronic levels

are in resonance and the motion of the nuclei is the driving force needed to achieve

this resonance. In Marcus’ classical theory the nuclear motion is expressed in terms

of harmonic oscillators for the reactant and product states with identical frequency ν

moving along a generalized reaction coordinate [153–155].3 The reaction coordinate

describes schematically the effect of the protein degrees of freedom on the energy

needed to transfer the electron. The two diabatic energy surfaces for the reactant

and product states are depicted in Fig. 3.2. The crossing point of the two parabola

is called the transition state (TS). In Fig. 3.2b ∆G is the (unknown) activation

energy, ∆G0 is the experimentally available free energy of the reaction (Gibbs) of

the transition and λ the reorganization energy. The latter is required to change

the positions of all nuclei from the equilibrated reactant state into the equilibrated

product state while the electron resides on the donor. In the case of a solvent

environment, the reorganization energy of the surrounding molecules has to be added

to the intra-molecular reorganization energy and can exceed the latter in the case

of polar solvents.

In this description, the electron moves back and forth with the frequency of the

harmonic oscillator in the reactant parabola, crossing the transition state twice per

period. At the transition state there is a small (weak electronic coupling) probability

for a transition to the product state. This is called the non-adiabatic limit. The

quantum mechanical description is done in terms of the first order perturbation

theory. With a harmonic perturbation, this leads to Fermi’s golden rule [169, 171,

3Marcus Theory is a theory originally developed by Rudolph A. Marcus to explain outer sphere
electron transfer, but was later extended to inner sphere electron transfer by Noel Hush. Besides
the inner and outersphere applications, Marcus theory has been extended to address heterogeneous
electron transfer. Rudolph Marcus received the Nobel Prize in Chemistry in 1992 for this theory.
Marcus theory is used in various aspects of chemistry and biology, including photosynthesis, cor-
rosion, certain types of chemiluminescence and more.
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Figure 3.2: (a) Diabatic energy surfaces for the reactant DA and product D+A−

state along the reaction coordinate. The crossing point of the two energy surfaces
correspond to a transition state (TS). (b) Schematic representation of the energetics
assumed in electron transfer theory from a donor D to an acceptor A. The energy,
λ, required to reorganize nuclear coordinates upon electron transfer, the activation
energy ∆G, and the free energy of the reaction ∆G0 are indicated.

180]:

ket =
2π

~
V 2

RFC. (3.55)

VR is the electronic coupling matrix element that is the weak perturbation of the

system and FC is the Frank-Condon-weighted density of states. FC is the integrated

overlap of reactant and product nuclear wavefunctions of equal energy. Returning

to Marcus’ classical description [153,154,181], FC can be expressed in terms of the

probability of overcoming the activation barrier with thermal energy taken from the

system. The activation energy is expressed in terms of the reorganization energy

and the free energy of the reaction:
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FC =

√
1

4πλkT
exp

(
−∆G

kT

)
, (3.56)

where ∆G corresponds to the free energy of activation for electron transfer (see

Fig. 3.2b), k is the Boltzmann constant and T is the temperature.

From analytical geometry of intersecting parabolas, it follows that:

∆G =
(λ + ∆G0)

2

4λ
. (3.57)

Substituting Eq. (3.57) in Eq. (3.56) one obtains:

FC =

√
1

4πλkT
exp

(
−(λ + ∆G0)

2

4λkT

)
. (3.58)

Substituting Eq. (3.58) into Eq. (3.55) one obtains the basic equation of Marcus

theory:

ket =
2π

~
V 2

R

√
1

4πλkT
exp

(
−(λ + ∆G0)

2

4λkT

)
. (3.59)

Eq. (3.59) indicates that for −∆G0 < λ, an increase of −∆G0 leads to an increase

in the electron transfer rate ket. This is the normal regime (Fig. 3.3a). For −∆G0 =

λ, ket reaches its maximum (Fig. 3.3b). For −∆G0 > λ, a further increase in

−∆G0 causes the electron transfer rate ket to decrease, hence the inverted regime

is obtained (Fig. 3.3c). The effect of decreasing ket in the inverted regime can be

explained physically as follows: increasing the driving force −∆G0 to values larger

than the reorganization energy, λ, leads to an increase of the free energy of activation

∆G, i.e. barrier of the reaction. This has been verified experimentally for various

systems [182,183].

For the case where the bridge in a donor-bridge-acceptor system has no electronic

levels in the vicinity of the relevant transition state, a simple exponential dependence

between electron transfer rate and the distance is expected, following the exponential

decay of the electronic wavefunctions in the forbidden region occupied by the bridge:

V 2
R = V 2

0 exp(−βR), (3.60)

where R is the length of the bridge, β an exponential coefficient for the decay of the

wavefunction, which is proportional to the square root of the barrier height, and V0
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Figure 3.3: Schematic representation of the energetics assumed in electron transfer
theory from a donor D to an acceptor A (top) and the corresponding dependence of
the transfer rates on ∆G0 (bottom). The energy, λ, required to reorganize nuclear
coordinates upon electron transfer, and the driving force, ∆G0, for the electron
transfer are indicated. The solvent coordinate describes schematically the effect of
the protein degrees of freedom on the energy needed to transfer the electron in the
process D − A → D+ - A−. By increasing the free energy of reaction −∆G0, the
activation energy ∆G decreases leading to an increase of the electron transfer rate
(normal regime). If −∆G0 > λ, increasing further −∆G0 leads to the increasing
of ∆G and consequently to the decreasing of the electron transfer rate (inverted
regime).

the maximum electronic coupling. This exponential relation has been verified for

various systems experimentally (see e.g. Refs. [184,185] and references therein).
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Thus, the rate constant can be expressed as the product of two factors. The first

factor is an electronic term arising from the strength of the coupling of the electron

donor/acceptor wavefunctions, leading to a roughly exponential fall-off in the elec-

tron tunneling rate with distance through the insulating barrier and, accordingly,

is proportional to exp(−βR), (see 3.60). The second factor depends on the energy,

λ, required to repolarize the protein matrix upon electron transfer, and the driving

force, ∆G0, for the electron transfer. These quantities are depicted in the Marcus

diagram [153,186] shown in Fig. 3.3.

Electron tunneling between covalently bridged redox centers in synthetic sys-

tems (β ≈ 0.9 Å−1) [187] is clearly much faster than tunneling through vacuum

(β ≈ 2.8 − 3.5 Å−1) [157, 158]. Earlier experimental examination of tunneling in

proteins suggested an intermediate value (β ≈ 1.4 Å−1) corresponding to a weighted

average of the two extreme β values [157, 159]. A simple empirical expression that

incorporates an exponential decay of the tunneling rate constant k (in s−1) with an

edge-to-edge distance R (in Å) and a parabolic dependence of the rate on ∆G0 and

λ (in eV) is [188]

log10 ket = 15− 0.6R− 3.1
(∆G0 + λ)2

λ
. (3.61)

The coefficient 0.6 corresponds to β = 1.4 Å−1 on a common log scale, whereas

the coefficient 3.1 collects the room temperature constants for the quantized nuclear

term [156], as suggested by extensive studies of photosynthetic reaction centers

[157,160,189]. Equation (3.61) has proven to be a useful approximation for electron-

transfer rate constants in the absence of a detailed protein structure; however, it

neither explicitly addresses the variations in polypeptide structure, nor whether

those variations have been naturally selected to influence tunneling rate constants

to a physiological advantage.

3.1.8 Singlet – Triplet Interconversion Rate

In order to test the feasibility of the singlet-triplet interconversion required to facili-

tate a magnetic-field-dependent cryptochrome activation, it is necessary to estimate

the characteristic time for this process. This time should be of the same order of

magnitude (or shorter) than the time needed for forward electron transfer. In this

subsection an estimate for the singlet-triplet interconversion time is derived for a
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model radical pair with one nucleus and two electrons. In this case the spin Hamil-

tonian, given by Eq. (3.4) with Hint neglected, is

Ĥ = µB( ~B · ĝA · ~SA) + µB( ~B · ĝB · ~SB) + µB(~SA · Â · ~ID) (3.62)

where ĝA and ĝB are the g-tensors of the electrons in radicals A and B, which com-

prise the radical pair; D denotes the spin-1/2 nuclei involved in hyperfine coupling

to one of the electron spins.

To describe the spin motion one needs to choose the basis states of the wavefunc-

tion. For three spin-1/2 particles, eight basis states are required [168,190], denoted

as ψi, i = 1, 2, ... , 8. If the two electrons of the radical pair are found in the singlet

state, then the corresponding basis states are

ψ1 = ψSαD (3.63)

ψ2 = ψSβD (3.64)

where

ψS =
1√
2

(αAβB − βAαB) . (3.65)

αi and βi are the eigenfunctions of the operator Siz with eigenvalues 1/2 and −1/2,

respectively; αD and βD denote the analogous states for the nuclear spin. The singlet

state of a two – spin system is schematically shown in Fig. 3.4a.

Another six states are connected with the triplet states of the radical pair, and

are denoted as ψT+1 , ψT0 and ψT−1 :

ψT+1 = αAαB, (3.66)

ψT0 =
1√
2

(αAβB + βAαB) , (3.67)

ψT−1 = βAβB. (3.68)

The three triplet states are schematically shown in Fig. 3.4b-d with the use of vector

model. If the radical pair is found in the triplet state, the total spin of the system

can be 1/2 or 3/2. The basis states which describe the state of the system with

total spin 1/2 are
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Figure 3.4: Vector model of the spin states of the radical pair. The two spins of the
radical pair are denoted as ~SA and ~SB. The effective magnetic field vector, which
includes the external magnetic field and the magnetic field created by the nucleus
is denoted as ~B. The three triplet states are denoted as T−1, T0 and T+1, while the
singlet state is denoted as S.

ψ3 =
1

3

(√
2ψT+1βD − ψT0αD

)
(3.69)

ψ4 =
1

3

(√
2ψT−1αD − ψT0βD

)
(3.70)

while the basis states which describe the four states of the system with total spin

3/2 are
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ψ5 = ψT+1αD (3.71)

ψ6 =
1

3

(
ψT+1βD +

√
2ψT0αD

)
(3.72)

ψ7 =
1

3

(
ψT−1αD +

√
2ψT0βD

)
(3.73)

ψ8 = ψT−1βD. (3.74)

One can now calculate, for example, the transition probability from a singlet

state, e.g., the one described by wavefunction ψ1, to a triplet state, e.g., the one

described by wavefunction ψ3. This transition is possible if the conditions

V1→3 = 〈ψ1|Ĥ|ψ3〉 6= 0 (3.75)

|V1→3| ≥ |E1 − E3| = |∆E| (3.76)

are met, where E1 = 〈ψ1|Ĥ|ψ1〉 and E3 = 〈ψ3|Ĥ|ψ3〉 are the energy expectation

values of the system in states corresponding to ψ1 and ψ3, respectively. The matrix

element for the ψ1 → ψ3 transition can be evaluated in terms of the parameters

specifying the Hamiltonian (3.62). One obtains

V1→3 =
1

2
√

3
µBB0(gA − gB)− 1

4
√

3
µBAzz (3.77)

and the energies of states ψ1 and ψ3 calculated likewise are

E1 = 0 (3.78)

E3 =
1

3
µBB(gA + gB)− 1

6
µBAzz. (3.79)

These expressions have been obtained under the assumption that the hyperfine

coupling tensor, Â is anisotropic and has the form:

Â =




0 0 0
0 0 0
0 0 Azz


 . (3.80)

With gA = gB = 2, Azz = 16 G, B0 = 0.5 G, µB = 5.78843×10−9 eV/G, one obtains

V1→3 = −2.674 × 10−8 eV and E3 = −1.158 × 10−8 eV, and conditions (3.75) and

(3.76) are satisfied.
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If the system is initially in state ψ1, then the probability to find it in state ψ3 at

a later time t is

p(1 → 3) =
4V 2

4V 2 + ∆E2
sin2

(
(4V 2 + ∆E2)1/2t

2~

)
(3.81)

as long as the other six states (ψ2, ψ4 − ψ8) are neglected. Thus, the radical pair

oscillates from the singlet to the triplet state with a characteristic frequency of

Ω =
(4V 2 + ∆E2)1/2

~
. (3.82)

With the values above, one obtains Ω ≈ 8.3× 107 s−1, which is indeed of the same

order of magnitude as the electron forward transfer rate constant, ket = 1×108 s−1 –

this will be discussed in chapter 4.

3.1.9 Cryptochrome Activation Yield

Once the density matrix has been obtained as a solution of the coupled stochastic

Liouville equations (Eqs. (3.48)-(3.53)), observables of interest can be evaluated.

The main quantity of interest is the activation yield of cryptochrome. This yield

corresponds to the formation of the product FADH + Trp324dep and depends on

the strength and orientation of the magnetic induction (magnetic field), described

through (B0,Θ,Φ) and given by the expression

Υ(B0, Θ, Φ) =

∫ ∞

0

kd Tr[ρ3(t)] dt, (3.83)

where kd is the deprotonation rate constant (see Fig.2.10). In case the cryptochrome

is oriented randomly relative to the external field, the total yield is averaged over θ

and φ,

Υ(B0) =
1

4π

∫ 2π

0

dΦ

∫ π

0

sin Θ dΘ Φ(B0, Θ, Φ) . (3.84)

The magnetic field dependence of Υ(B0, Θ, Φ) and Υ(B0) develops due to the elec-

tron back-transfer reaction FADH + Trp+ → FADH+ + Trp (see Fig. 2.10) and,

in particular, due to the reaction FADH + Trp324+ → FADH+ + Trp324. This

reaction is possible only in the singlet state of the FADH + Trp324+ radical pair

and its yield is given by
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ΥS(B0, Θ, Φ) =

∫ ∞

0

kb Tr[Q̂Sρ3(t)] dt . (3.85)

Here kb is the electron back-transfer rate constant (see Fig.2.10). One can recognize

that the activation yield of cryptochrome is determined by the function Tr[Q̂Sρ3(t)].

Consequently, Tr[Q̂Sρ3(t)] and its complement Tr[Q̂T ρ3(t)] are referred to as the

singlet and triplet state populations respectively.

3.2 Iron-Mineral Based Magnetoreceptor Model

This section discusses the formalism of the iron-mineral-based magnetoreceptor

model. The motivation for this magnetoreception mechanism has been given in

section 2.4.2. It was inspired by recent experimental findings of Fleissner et al.,

who demonstrated the presence of small magnetic particles in the upper part of

the beak of homing pigeons (Columba livia) [58–61, 112] and later, in several other

birds species [125]. With the use of different light and electron microscopic methods

combined with X-Ray analysis, Fleissner et al. concluded that there are two differ-

ent types of iron compounds in the beak. These compounds were later identified

using micro-synchrotron X-ray-absorption-near-edge-structure-spectroscopy as two

ferrimagnetic materials: magnetite (Fe3O4) and maghemite (γ−Fe2O3) [59–61]. It

has been shown that magnetite forms micro clusters, attached to the cell membrane,

while maghemite crystals have a platelet-like structure arranged in chains inside the

dendrite.

3.2.1 Magnetic Properties of the Iron-Minerals

Magnetic Properties of Magnetite

Magnetite has the structural formula Fe3+(Fe2+Fe3+)O4 and is the most important

magnetic mineral on Earth. 4 Crystallographically, it is a cubic mineral with inverse

spinel structure, and ferrimagnetic properties. The unit cell has eight tetrahedral

sites (i.e. Fe ion is surrounded by four oxygens) filled with Fe3+ cations and sixteen

4Magnetite is the most magnetic of all the naturally occurring minerals on Earth, and its
magnetic properties led to lodestone being used as an early form of magnetic compass. Magnetite
typically carries the dominant magnetic signature in rocks, and so it has been a critical tool
in paleomagnetism, a science important in discovering and understanding plate tectonics. The
relationships between magnetite and other iron-rich oxide minerals such as ilmenite, hematite,
and ulvospinel have been much studied, as the complicated reactions between these minerals and
oxygen influence how and when magnetite preserves records of the Earth’s magnetic field.
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octahedral sites (i.e. Fe ion is surrounded by six oxygens), half of which are filled

with Fe2+ cations and the other half with Fe3+ cations. The unit cell of magnetite

is schematically shown in Fig. 3.5a, while Fig. 3.5b illustrates its central part. In

crystallography one can distinguish between the so-called A-sites and B-sites (A-

sublattice and B-sublattice), where A-site denote the tetrahedral position of the

atoms, and B-site denotes the octahedral position of the atoms.

Figure 3.5: Structure of elementary unit cell of magnetite, Fe3O4 (a) and a schematic
illustration of its characteristic central part (b) showing the spatial location of ions
in the unit cell. Plot (b) shows the difference between the structure of magnetite and
maghemite, whose unit cell is shown if Fig. 3.8. A-sites represent the tetrahedral
sites and B-site represent the octahedral sites in the unit cell. Crystal structure data
for magnetite was obtained from [66,68,191,192].

Saturation magnetization (Ms), is a fundamental property of a ferromag-

netic and ferrimagnetic materials and is independent of particle size. For magnetite

at room temperature, Ms ∼480 emu/cm3. Ms is a function of temperature and

pressure. The maximum value of Ms occurs at 0◦ K. As the sample is heated, the

observed magnetization decreases and goes to zero at the Curie point (Tc), when

the thermal energy (kTc, where k is Boltzmann constant) equals the ferrimagnetic

coupling energy. The dependence of the saturation magnetization on temperature

measured for magnetite is shown in Fig. 3.6. Tc is another intrinsic parameter of a
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ferrimagnetic material and in the case of magnetite Tc ∼850◦ K. The dependence

of Ms on temperature is a diagnostic property for identifying minerals, since each

ferrimagnetic material has a different Curie temperature.

The magnetic susceptibility of a material, χ, indicates how a material re-

sponds to an applied magnetic field, and is defined as the ratio of the magnetization

of the material, M , and the applied magnetic field, H:

χ =
| ~M |
| ~H|

. (3.86)

The magnetization of a material, M , is defined as the magnetic moment per unit

volume or per unit mass of a material. It is dependent on the individual magnetic

dipole moments of its constituent atoms and on the interactions of these dipoles

with each other.

Above the Curie temperature there will be a change in the susceptibility as the

material becomes paramagnetic, given with the equation:

χ =
C

T − Tc

=
M

H
, (3.87)

where C describes the Curie-constant. Equation (3.87) is the Curie-Weiss law [193–

195] that describes the ferro – ferrimagnetic↔paramagnetic phase transition.

Ferromagnetism is the ”normal” form of magnetism which most people are fa-

miliar with, as exhibited in horseshoe magnets and refrigerator magnets, for instance.

It is responsible for most of the magnetic behavior encountered in everyday life. The

materials in which the spins of electrons align in a regular pattern with neighbor-

ing spins pointing in opposite directions are referred as the antiferromagnetic

materials. Generally, antiferromagnetic materials exhibit antiferromagnetism at a

low temperature, and become disordered above a certain temperature; the transi-

tion temperature is called the Neel temperature. Above the Neel temperature, the

material is typically paramagnetic. A ferrimagnetic material is one in which the

magnetic moment of the atoms on different sublattices are opposed, as in antiferro-

magnetism; however, in ferrimagnetic materials, the opposing moments are unequal

and a spontaneous magnetization remains. This happens when the sublattices con-

sist of different materials or ions (such as Fe2+ and Fe3+). Paramagnetism is a form

of magnetism which occurs only in the presence of an externally applied magnetic

field. Paramagnetic materials are attracted to magnetic fields, hence have a rela-

tive magnetic permeability greater than one (or, equivalently, a positive magnetic
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susceptibility). However, unlike ferromagnets which are also attracted to magnetic

fields, paramagnets do not retain any magnetization in the absence of an externally

applied magnetic field.

Figure 3.6 shows that the saturation magnetization of magnetite decreases with

increasing temperature until it falls to zero at Tc indicating the point where the

material becomes paramagnetic.

Figure 3.6: Saturation magnetization of magnetite, Ms, as a function of temper-
ature. The figure has been draw according to the data presented in Ref. [196].
The saturation magnetization of magnetite at 300 K and the Curie temperature are
indicated.

At a temperature (Tv) of ∼120◦ K, magnetite undergoes an ordered arrangement

of Fe2+ and Fe3+ ions on the octahedral sublattice, resulting in a slight distortion

of the unit cell from a cubic to a monoclinic or a triclinic structure [197]. At this

transition – referred to as the Verwey transition after the pioneering work of its

discoverer [198] – the electrical conductivity of magnetite drops sharply by a factor

of 100, due to a reduction of electron mobility on the B-sublattice [199]. Above

Tv, electrons from the 3d shells move or ”hop” between the Fe3+ and Fe2+ cations
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on the B-sublattice, and magnetite behaves as a moderate electric conductor. This

crystallographic transition also affects the saturation magnetization, and is often

used to identify magnetite in bulk samples [200].

When studying biogenic magnetite, it is important to establish the size of the par-

ticles synthesized by the organism. The main subdivisions, multi-domain (MD),

pseudo-single-domain (PSD), magnetically stable single-domain (SD), and su-

perparamagnetic (SP), are determined by the number of magnetic domains con-

tained within the particle (the domain state). The domain state determines the

magnetic properties which will, in turn, be selected according to physiological re-

quirements and the role the magnetite particles play in the organism. Magnetic

domains (they are also sometimes referred as the Weiss domains) are regions within

a magnetic particle where the direction of spontaneous magnetization is uniform,

although different domains within a single particle may have different directions.

Consequently, a MD particle can have zero remanence if the magnetization direc-

tions cancel each other on the other hand a magnetically stable SD is always mag-

netized to saturation and shows a remanent magnetization at room temperature.

Finally, due to their small volume, SP particles lose their remanence in time spans

of seconds to nano-seconds, and can be considered, for practical reasons, to acquire

only an induced magnetization in the presence of a magnetic field [201].

Some magnetic parameters, such as the saturation magnetization, Ms, remanent

magnetization, Mr, coercive force, Hc and coercivity of remanence, Hr are charac-

teristic for every magnetic mineral. The coercivity of remanence is the reverse field

which, when applied and then removed, reduces the saturation remanence to zero.

It is always larger than the coercive force. The ratios (Mr/Ms and Hr/Hc) serve to

define domain states, although the limits between SD, PSD and MD behavior are

not well defined, and often the interpretation of these parameters is not straightfor-

ward. The parameters Ms, Mr, Hc and Hr are shown in Fig. 3.7, where a typical

magnetization pattern of magnetite is shown. The magnetization of ferrimagnetic

material (i.e magnetite and maghemite) has a hysteresis shape if considered as a

function of an external magnetic field or magnetic induction [202,203].

For the case of uniaxial SD crystals of magnetite, the theoretical values of the

remanence ratio and the coercivity ratio are Mr/Ms ∼ 0.5 and Hr/Hc ∼ 1.0, respec-

tively [204]. For SD magnetite, these ratios are essentially temperature invariant,

except in the blocking range just below Tc, where Mr/Ms falls and Hr/Hc rises

steeply [205]. In the case of MD particles, Mr/Ms ≤ 0.05 and Hr/Hc ≥ 4 [206].
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Figure 3.7: Hysteresis profile of magnetization of a ferrimagnet. The remanent
magnetization Mr, saturation magnetization Ms, coercive force Hc, coercivity of
remanence Hr and the low field magnetic susceptibility χ0 are indicated.

By definition, SP particles have both Mr and Hr = 0. However, due to particle

interactions or small mixtures of SP and SD particles, finite, albeit low, values for

Mr and Hr [201,207,208] are often given.

The ratios Mr/χ0 and χ0/Ms (where χ0 is the low field magnetic susceptibility)

are also useful in distinguishing SP from non-SP behavior. In SD and MD particles

of magnetite, Ms/χ0 will vary from ∼ 2 to 70 mT, whereas for SP particles Ms/χ0 <

0.01 mT [209]. Table 3.1 shows characteristic values and behavior for some magnetic

parameters for the different domain states of magnetite particles.

A useful technique in determining the domain state of the magnetite particles

is the low-temperature measurement of coercivity, remanence, and low field sus-

ceptibility (χ0). The susceptibility of MD particles is practically invariant between

Tc and Tv [210]; however near Tv, χ0 increases and produces a characteristic peak.

Elongated SD particles show a slight decrease of χ0 with temperature and the peak

at 120 K is suppressed. SP particles have the most drastic change in susceptibility
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Parameter SP SD MD
Mr/Ms ¿ 0.01 ∼ 0.5 ≤ 0.05
Hr/Hc À 10 ∼ 1.5 ≥ 4
Mr/χ0 < 0.01 mT 2-70 mT 2-70 mT
χ0/Ms > 7 · 10−4 mT−1 ∼ 7 · 10−4 mT−1 ∼ 7 · 10−4 mT−1

χ0(T ) large increase small decrease peak at ∼ 118 K
Hc(T ) large increase small decrease peak at decrease 118 K
Mr(T ) large increase small decrease peak at decrease 118 K

Table 3.1: Characteristic values and behavior for some magnetic parameters for
magnetite depending on the domain state. The data taken from Ref. [201].

with temperature. Between 300 K and 4 K, χ0 can vary by as much as a factor of

200 [201].

SP grains of magnetite are also characterized by a steep increase of Mr and Hc

when cooling from 30 K to 5 K. In this temperature range, SP particles behave

as stable single domains and are able to acquire relatively large remanences. In

contrast, in SD and MD grains, Mr and Hc do not display significant variations as

temperature decreases. For MD magnetite, as it cools through Tv, both Mr and

Hc decrease. In SD particles controlled by shape anisotropy or interacting strongly,

both Mr and Hc show slight increases associated with the increase in Ms.

Despite these well established rock magnetic properties, the identification and

characterization of biogenic magnetite in natural samples is often a challenging en-

terprize. The volume concentration of biogenic magnetite particles in natural envi-

ronments is typically very low, often at the threshold of the instruments, and many

instruments used in rock magnetism fail to detect biogenic magnetite particles in

the samples. However, during the last years, a number of papers have been devoted

to study magnetite of biogenic origin [23, 25, 27, 40, 47, 58, 63, 69, 112] and a vari-

ety of different magnetic parameters have been reported (see papers cited above).

The differences between those parameters are not discussed in the thesis, though

characteristic values for the given particle sizes are used.

Magnetic Properties of Maghemite

Maghemite (Fe2O3, γ-Fe2O3) can be considered as a Fe(II)-deficient magnetite with

formula (FeIII
8 )A[FeIII

40/3¤8/3]BO32 where ¤ represents a vacancy, A indicates tetrahe-

dral positioning and B octahedral [211]. The structure of the unit cell of maghemite

is shown in Fig. 3.8a, while Fig. 3.8b illustrates its central part. Plot (b) in Fig. 3.8
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Figure 3.8: Structure of elementary unit cell of maghemite, γ-Fe2O3 (a) and a
schematic illustration of its characteristic central part (b) showing the spatial lo-
cation of ions in the unit cell. A-sites represent the tetrahedral sites and B-site
represent the octahedral sites in the unit cell. Crystal structure data for magnetite
was obtained from [65–68].

shows the difference between the structure of magnetite and maghemite (compare

Fig. 3.5b and Fig. 3.8b).

The magnetic properties of maghemite are similar to the magnetic properties of

magnetite since maghemite also belongs to the inverse spinel group, and possesses

ferrimagnetic properties.

Crystalline maghemite has a slightly lower value of the saturation magnetiza-

tion than crystalline magnetite: Mmaghm
s ≈ 380 emu/cm3, while the saturation

magnetization for bulk magnetite Mmagn
s ≈ 480 emu/cm3 [63, 202, 203]. The Curie

temperature for maghemite is Tmaghm
c ≈ 863 − 948 K [63], slightly higher than the

corresponding value for magnetite.

3.2.2 Magnetic Moment of the Maghemite Platelet

Magnetic properties of a ferrimagnetic material vary with size and shape of the

particle [43, 46, 47]. In the problem considered here the size of a single maghemite

platelet is 1 × 0.1 × 1 µm (see discussion in section 2.4.2) which is sufficient for
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the formation of a multi-domain structure in the (xz)-plane [43] (see Fig. 2.14).

Since maghemite is a ferrimagnetic mineral, the maghemite platelets have a non-

zero magnetic moment in this plane even in the absence of an external magnetic

field. The magnetic moment of a platelet with index i, ~mi, is proportional to its

volume and, therefore is given by

~mi = ~MiVi = ~Milxlylz, (3.88)

where ~Mi is the volume magnetization of the i-th platelet, Vi is its volume and

lx, ly and lz are its dimensions along the x-, y- and z-axes respectively. Since all

maghemite platelets are assumed to have identical volume then:

Vi = lxlylz ≡ v. (3.89)

The direction of the magnetic moment of a platelet is governed by the projection

of the total magnetic field on the (xz)-plane. The total magnetic field at the site of

the platelet with index i, ~Hi, is the sum of the external magnetic field, the magnetic

field created by other platelets and by the magnetic field created by the magnetite

cluster. Thus, the magnetic moment of a platelet is given by:

~mi = Mv
1√

H2
ix

+ H2
iz

(Hix , 0, Hiz) , (3.90)

The expression for the magnetic field strength is discussed in detail in subsection

3.2.4.

3.2.3 Magnetic Moment of the Magnetite Cluster

The magnetite cluster consists of magnetite nanomagnets, which are about 5 nm in

diameter [46, 47, 60]. Hence the magnetic properties of the cluster are significantly

different from the magnetic properties of bulk magnetite. The nanomagnets behave

like dipoles which can rotate freely inside the cluster. Thus the magnetite cluster

behaves like a superparamagnet, i.e. if it is subject to an external magnetic field,

then the nanomagnets try to align in the direction of the field, so that the potential

energy of each nanomagnet is minimal. In this case all magnetic moments of the

nanomagnets add to a total magnetic moment ~M of the cluster. On the other hand,

at a given temperature the statistical motion of the nanomagnets counteracts the

alignment. In the limit of a very high temperature, therefore, all nanomagnets are
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statistically distributed, and their magnetic moments cancel each other, so that the

total moment ~M vanishes. In the case of a finite temperature and a finite magnetic

field, the mean total moment 〈 ~M〉 is somewhere between these two extreme cases.

In the latest transmission electron view of the nanomagnets inside the magnetite

cluster [125], it has been demonstrated that the nanomagnets often assemble in

short chains of about 5-10 elements. In the present thesis this fact is neglected

and therefore a lower estimate for the magnetic moment of the magnetite cluster is

obtained. The fact that the nanomagnets form chains inside the cluster will enhance

the magnetic properties of the cluster leading to an increase of its magnetic moment.

As a model of a superparamagnetic cluster a system of n freely revolvable nano-

magnets is considered and their translational motion is neglected. The total number

of nanomagnets within a cluster can be estimated from the following relation:

n ∼ Vcluster

Vnanomagnet

=
R3

0

r3
0

, (3.91)

where Vcluster and Vnanomagnet are the volumes of the cluster and the nanomagnet

respectively, R0 and r0 are their radii. With R0 = 0.5 µm and r0 = 2.5 nm one

obtains n ≈ 8 · 106.

To calculate the mean total moment of the magnetite cluster one needs to cal-

culate the partition function of a system with energy

E = −
n∑

i=1

~µi · ~H, (3.92)

where ~µi is the magnetic moment of the i-th nanomagnet and ~H is the magnetic field

strength. Assuming that the magnetic field at the site of the cluster is homogeneous,

equal to ~H, and all nanomagnets have magnetic moments of equal magnitude, µ,

the magnetic moment of the cluster can be estimated. Let us introduce a coordinate

system associated with the field vector ~H. It will be denoted as (x1, y1, z1) and the

field vector ~H points in the z1-direction. The orientation of each dipole can, then

be expressed by the polar angles θi and ϕi.

Each microstate of the system corresponds to a set {θi; ϕi} of orientations of all

dipoles. The partition function over all microstates depends on the temperature of

the system T , magnetic field strength H and the number of nanomagnets n:

Z(T, H, n) =

∫
dΩ1

∫
dΩ2...

∫
dΩn exp

(
µH

kT

n∑
i=1

cos θi

)
, (3.93)
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where k is the Bolzmann factor, and dΩi = sin θidθidφi. The integrals
∫

dΩi ex-

tend over all spatial angles. The partition function factors, since the individual

nanomagnets are assumed non-interacting, and therefore

Z(T, H, n) = [Z(T, H, 1)]n , (3.94)

where

Z(T, H, 1) =

∫
dΩ exp

(
µH

kT
cos θ

)
= 4π

kT

µH
sinh

(
µH

kT

)
. (3.95)

The probability for a nanomagnet to assume an orientation between θ, θ + dθ and

ϕ, ϕ + dϕ is given by

ρ(θ, ϕ)dΩ =
1

Z(T, H, 1)
exp

(
µH cos θ

kT

)
sin θdθdϕ. (3.96)

With the aid of Eq. (3.96), the mean magnetic moment 〈~µ〉 of a nanomagnet can be

calculated:

〈~µ〉 =
µ

Z(T,H, 1)

∫
~n · exp

(
µH cos θ

kT

)
sin θdθdϕ, (3.97)

where ~n = (sin θ cos ϕ, sin θ sin ϕ, cos θ) From Eq. (3.97) follows that 〈µx1〉 =

〈µy1〉 = 0. The reason is that all orientations of the nanomagnet perpendicular

to the z1-axis are equally probable. Thus

〈µz1〉 =
µ

Z(T, H, 1)

∫
cos θ exp

(
µH cos θ

kT

)
sin θdθdϕ = µ

[
coth

(
µH

kT

)
− kT

µH

]
,

(3.98)

and the total mean dipole moment of the magnetite cluster in the z1-direction be-

comes:

〈Mz1〉 = n〈µz1〉 = nµ

[
coth

(
µH

kT

)
− kT

µH

]
. (3.99)

If µH ¿ kT the expression in the square brackets of (3.99) can be expanded, and

the expression for the average total magnetic moment of the magnetite cluster is

given by

〈 ~M〉 ≈ nµ2

3kT
~H. (3.100)
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From Eq. (3.100) it is clear that the total magnetic moment of the magnetite cluster

is proportional to the field strength. The proportionality constant is called the

magnetic susceptibility, which was defined in Eq. (3.86) and reads as follows:

χ =
nµ2

3kT
. (3.101)

The magnetic moment of a nanomagnet reads as follows:

µ = Mmt
s

4

3
πr3

0, (3.102)

where Mmt
s is the saturation magnetization of magnetite (see Fig. 3.7).

Dividing the magnetic susceptibility by the volume of the magnetite cluster one

obtains the volume susceptibility of the cluster, χv:

χv =
χ

4
3
πR3

0

=
R3

0

r3
0

(
Mmt

s
4
3
πr3

0

)2

3kT 4
3
πR3

0

=
4π(Mmt

s )2r3
0

9kT
(3.103)

3.2.4 Model of Interacting Point-Like Dipoles

Let us now consider the potential energy of the magnetite cluster. In this section

a model which neglects the size of the maghemite platelets and of the magnetite

cluster is discussed. Within this model, the maghemite platelets and the magnetite

clusters are treated as point-like dipoles.

The potential energy of the magnetite cluster reads

E(~R) = −〈 ~M〉 ~H(~R) = −χv
4

3
πR3

0

∣∣∣ ~H(~R)
∣∣∣
2

, (3.104)

where 〈 ~M〉 is defined in Eq. (3.100) and χv is defined in Eq. (3.103), ~R describes

the position of the magnetite cluster (see Fig. 2.14) and ~H(~R) is the magnetic field

vector at the site of the cluster, which is given by

~H(~R) =
~B

µmed

+
N∑

j=1

~Hj(~R). (3.105)

Here ~B is the induction vector of the external magnetic field, µmed ≈ 1 is the

permeability of the medium, N is the number of platelets, ~Hj(~R) is the magnetic

field created by the j-th platelet at the site of the magnetite cluster, which is known

to be [212,213]
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~Hj(~R) =
3
(

~R− ~rj

)(
~mj

(
~R− ~rj

))
− ~mj

∣∣∣~R− ~rj

∣∣∣
2

∣∣∣~R− ~rj

∣∣∣
5 . (3.106)

Here ~rj describes the position of the j-th platelet and ~mj is its magnetic moment

defined in Eq. (3.90). To calculate the magnetic moment of a platelet one needs to

know the local magnetic field at its site. The local magnetic field at the site of the

i−th platelet consists of three terms:

~Hi =
~B

µmed

+
N∑

j=1
j 6=i

~Hj(~ri) +
3
(
~ri − ~R

) (
〈 ~M〉

(
~ri − ~R

))
− 〈 ~M〉

∣∣∣~ri − ~R
∣∣∣
2

∣∣∣~ri − ~R
∣∣∣
5 . (3.107)

The first term describes the external magnetic field, the second term describes the

magnetic field created by all platelets except the i-th one and the third term describes

the field created by the magnetite cluster. The third term in Eq. (3.107) can be

neglected because 〈M〉 ¿ mi (the estimates in subsection 5.2 show that mi ≈ 3.121

eV/G and 〈M〉 ≈ 0.392 eV/G).

It follows from Eq. (3.107) that the local magnetic field ~Hi is determined by

the magnetic moments of the platelets. Thus Eqs. (3.90) and (3.107) have to be

treated iteratively. In the zeroth-order of approximation all the ~mi are assumed to

be aligned along the x-axis, which corresponds to the most energetically favorable

configuration. The expression for the magnetic moment of a platelet is then given

by

~m
(0)
i = Mv~i, (3.108)

where ~i is the basis vector of the x-axis. Substituting Eq. (3.108) into Eq. (3.107)

one obtains the first-order approximation of the local magnetic field at the site of

the i-th platelet:

~H
(1)
i = ~B + 2Mvξi

~i, (3.109)

where xi is the x-coordinate of the i-th platelet and ξi =
∑

1/|xi−xj|3. Substituting

Eq. (3.109) into Eq. (3.90) one yields the first-order approximation for ~mi:

~m
(1)
i =

Mv√
(Bx + 2Mvξi)

2 + B2
y + B2

z

(Bx + 2Mvξi, 0, Bz) . (3.110)
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Here Bx, By and Bz are the x-, y- and z-components of the external magnetic

induction vector respectively. The iterative procedure should be continued until ~mi

and ~Hi do not change more than a given threshold value. Then the potential energy

E(w)(~R) of the magnetite cluster reads as:

E(w)(~R) = −χv
4

3
πR3

0

∣∣∣∣∣∣∣
~B +

N∑
j=1

3
(

~R− ~rj

)(
~m

(w)
j

(
~R− ~rj

))
− ~m

(w)
j

∣∣∣~R− ~rj

∣∣∣
2

∣∣∣~R− ~rj

∣∣∣
5

∣∣∣∣∣∣∣

2

,

(3.111)

where (w) is the approximation-order of the magnetic moment of a platelet. If

w = 1 then the expression for ~m
(w)
j is given in Eq. (3.110). If w 6= 1 then iterative

treatment of Eqs. (3.90) and (3.107) has to be continued until the w-th order of

approximation is obtained.

From Eq. (3.111) one can then calculate the force acting on the magnetite cluster

according to

~F = −∇E(~R). (3.112)

3.2.5 Model of Interacting Dipoles of Finite Size

In this subsection the finite size of the maghemite platelets and the magnetite cluster

is accounted for. Both platelets and the cluster will be considered as bodies with

homogeneous magnetic moments.

By splitting the platelets and the cluster into infinitesimal parts and integrating

over their volumes, it is possible to calculate the interaction energy of a magnetite

cluster with the platelets in an external field (see Fig. 3.9). The magnetic field

created by an infinitesimal part of the maghemite platelet is given by

~dHj(~R,~r1, ~r2) =
3(~R− ~rj + ~r1 − ~r2)

(
~dm

(w)
j (~R− ~rj + ~r1 − ~r2)

)

∣∣∣~R− ~rj + ~r1 − ~r2

∣∣∣
5

−
~dm

(w)
j∣∣∣~R− ~rj + ~r1 − ~r2

∣∣∣
3 , (3.113)

where ~r1 is the vector from the center of the magnetite cluster to a point inside its

volume, ~r2 is the vector from the center of the platelet to a point inside its volume,
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Figure 3.9: Illustration of the integration scheme used in the model of interacting
dipoles of finite size. Coordinate frames used for the integration over the volume
of the magnetite cluster (x1, y1, z1) and over the maghemite platelets (x2, y2, z2) are
indicated. The splitting of the platelets and of the cluster into infinitesimal parts
is schematically shown. The infinitesimal part inside the cluster is characterized
by the vector ~r1 = (r1 sin θ sin φ, r1 sin θ cos φ, r1 cos θ), while the infinitesimal part

inside a platelet is characterized by the vector ~r2 = (x2, y2, z2). The vector ~R − ~rj

connects the center of the j-th platelet with the center of the cluster.

~R − ~rj is the vector from the center of the j-th platelet to the center of the cluster

(see Fig. 3.9), and ~dm
(w)
j is

~dm
(w)
j =

Mlydx2dz2

|~H(w)
j |

(
H

(w)
jx

, 0, H
(w)
jz

)
= ~M (w)lydx2dz2. (3.114)

Substituting Eq. (3.114) into Eq. (3.113) and integrating over dx2 and dz2 one

obtains the field created by a platelet:

~Hj(~R,~r1) =

∫ lx/2

−lx/2

∫ lz/2

−lz/2

~dHj(~R,~r1, ~r2)dx2dz2. (3.115)
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The integration of Eq. (3.115) in its general form is not trivial. Therefore a reason-

able simplification will be made which allows an analytical solution of (3.115):

lx = lz = l (3.116)

~M (w) = (Mx, 0, 0). (3.117)

Assumption (3.117) will be discussed in the section 5.3 in more detail. With assump-

tions Eq. (3.116)-(3.117)the expression for the magnetic field components created

by the platelet with index j at the point defined by the vector ~R − ~rj + ~r1 is given

by

Hjx(~R,~r1) = −
√

2Mxly

(
(l − 2sx) (l + 2sz)(

(l − 2sx)
2 + 4s2

y

) √
l2 − 2 (sx − sz) l + 2s2

+
(l + 2sx) (l − 2sz)(

(l + 2sx)
2 + 4s2

y

) √
l2 + 2 (sx − sz) l + 2s2

+
(l − 2sx) (l − 2sz)(

(l − 2sx)
2 + 4s2

y

) √
l2 − 2 (sx + sz) l + 2s2

+
(l + 2sx) (l + 2sz)(

(l + 2sx)
2 + 4s2

y

) √
l2 + 2 (sx + sz) l + 2s2

)
(3.118)

Hjy(~R,~r1) = 2
√

2Mxly

(
sy (l + 2sz)(

(l − 2sx)
2 + 4s2

y

) √
l2 − 2 (sx − sz) l + 2s2

+
sy (2sz − l)(

(l + 2sx)
2 + 4s2

y

) √
l2 + 2 (sx − sz) l + 2s2

+
sy (l − 2sz)(

(l − 2sx)
2 + 4s2

y

) √
l2 − 2 (sx + sz) l + 2s2

− sy (l + 2sz)(
(l + 2sx)

2 + 4s2
y

) √
l2 + 2 (sx + sz) l + 2s2

)
(3.119)

Hjz(~R,~r1) = −
√

2Mxly

(
1√

l2 − 2 (sx − sz) l + 2s2
+

1√
l2 + 2 (sx − sz) l + 2s2

− 1√
l2 − 2 (sx + sz) l + 2s2

− 1√
l2 + 2 (sx + sz) l + 2s2

)
, (3.120)
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where sx = x − xj + x1, sy = y − y1, sz = z − z1 and s2 = s2
x + s2

y + s2
z. Thus, the

potential energy of the magnetite cluster follows as:

E(~R,~r1) = −
n∑

i=1

〈~µ(~R,~r1i
)〉

(
N∑

j=1

~Hj(~R,~r1i
) + ~B

)
, (3.121)

where i specifies a certain nanomagnet within the magnetite cluster. Here n denotes

the total number of nanomagnets and 〈~µ(~R,~r1i
)〉 is the average magnetic moment

of the i-th nanomagnet defined by vectors ~R and ~r1i
(see Fig. 3.9). The sum in

Eq. (3.121) can then be replaced by an integration over the volume of the cluster:

E(~R) = − n

4/3πR3
0

∫ 2π

0

dφ

∫ π

0

dϑ

∫ R0

0

〈~µ(~R,~r1)〉
(

N∑
j=1

~Hj(~R,~r1) + ~B

)
r2
1 sin ϑdr1,

(3.122)

where r1, ϑ and φ represent ~r1 in spherical coordinates (see Fig. 3.9). The average

magnetic moment of a nanomagnet is defined as (see Eq. (3.100)):

〈~µ(~R,~r1)〉 =
χ

n

(
N∑

j=1

~Hj(~R,~r1) + ~B

)
. (3.123)

Substituting (3.123) into (3.122) yields:

E(~R) = −χv

∫ 2π

0

dφ

∫ π

0

dϑ

∫ R0

0

∣∣∣∣∣
N∑

j=1

~Hj(~R,~r1) + ~B

∣∣∣∣∣

2

r2
1 sin ϑdr1, (3.124)

The force which acts on the cluster can then be calculated according to the general

relation (3.112).

3.3 Summary

This chapter discusses the theoretical formalism behind the two magnetoreception

mechanisms studied in the dissertation. The theory of the radical pair mechanism

in cryptochrome was discussed in section 3.1, while the theory behind the iron-

mineral-based magnetoreception model was discussed in section 3.2. Note, that the

aim of this discussion was to present essential ideas of the methods and give the

necessary references, rather than to describe them in all the details. The theory and
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methods described in this chapter are used to study spin dynamics in cryptochrome,

in chapter 4, and the iron-mineral-based magnetoreception mechanism in chapter

5.



Chapter 4

Magnetic Field Effect in
Cryptochrome

4.1 Introduction

The theory and methods described in chapter 3, in section 3.1 were used to study

spin dynamics in cryptochrome. In the present chapter, in section 4.2 of the current

chapter, the choice of the hyperfine coupling constants in cryptochrome is explained.

In subsection 4.3 the rate constants for various processes are estimated. In section

4.4 the magnetic field dependence of the formation of FADH stabilized by deproto-

nation of Trp324+ to Trp324dep, averaged over the orientation of the magnetic field,

is analyzed by means of the observable Υ(B0) defined in Eq. (3.84). It is demon-

strated that the suggested radical pair mechanism is consistent with a cryptochrome-

mediated magnetic field response in Arabidopsis thaliana. The dependence of the

activation yield Υ(B0, Θ, Φ), defined in Eq. (3.83) on the orientation (Θ, Φ) of an

external magnetic field is discussed in section 4.5 and it is shown that cryptochrome

activation might serve as an inclination compass. Results on the time evolution of

the singlet population Tr[Q̂Sρ3(t)] are presented and discussed in detail in section

4.6.

4.2 Hyperfine Coupling

The cryptochrome activation yield is very sensitive to the hyperfine coupling tensors

chosen for the FADH and tryptophan radicals. In order for the yield to acquire a

dependence on the angle between the magnetic field vector and the radical pair axis,

the hyperfine tensor of at least one radical must have significant anisotropy. One
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of the improvements made in the model of the FADH-tryptophan radical pair is to

use realistic hyperfine coupling tensors for the two radicals, rather than to rely on

an order-of-magnitude guess as was done in [1]. Information regarding the hyper-

fine tensors of nuclei in FADH and tryptophan in photolyase and other molecules

has been published [214–216]. The hyperfine tensors for FADH and tryptophan in

cryptochrome are assumed to be similar to those exhibited by related systems. In-

deed, the possibility for magnetic field effects in photolyase have previously been

examined using similar hyperfine tensors [35]. The model discussed in the present

thesis differs from those previously considered in that it allows for a more complex

reaction mechanism in which electron transfer and back-transfer rate constants are

considered.

Figure 4.1: FADH and tryptophan shown with those of their nuclei involved in the
strongest hyperfine coupling. The numbering of the nuclei in each radical is chosen to
be consistent with [35,214,215], which is governed by the rules of standard chemical
nomenclature. β indicates the β-protons.

The hyperfine coupling constants and principal hyperfine axes used in the calcu-

lation are presented in Table 4.1. Because of the computational cost of calculating

the activation yield for systems with a high-dimensional Hamiltonian, only up to

four nuclei were included in each of the considered models of the FADH-tryptophan

radical pair. Several combinations of nuclei in each radical were considered, and

the activation yield for each configuration was calculated. However, the dependence

of the activation yield on the magnetic field is sensitive to the choice of nuclei and



4.2 Hyperfine Coupling 79

associated hyperfine coupling constants. Fig. 4.1 shows the labeling used for the

nuclei in FADH and tryptophan. β indices indicate the β-protons.1

Hyperfine Constants and Axes Chosen for FADH
Nucleus aiso (G) Tii (G) Hyperfine Axes

N5 3.93 -4.98 0.4380 0.8655 -0.2432
-4.92 0.8981 -0.4097 0.1595

0, 9.89∗ -0.0384 0.2883 0.9568
H5 -7.69 -6.16 0.9819 0.1883 -0.0203

-1.68 -0.0348 0.2850 0.9579
7.84 -0.1861 0.9398 -0.2864

Hyperfine Constants and Axes Chosen for Tryptophan
Nucleus aiso (G) Tii (G) Hyperfine Axes

Hβ
1 16 0.00 1.000 0.000 0.000

0.00 0.000 1.000 0.000
0.00 0.000 0.000 1.000

H5 5 0.00 1.000 0.000 0.000
0.00 0.000 1.000 0.000
0.00 0.000 0.000 1.000

Table 4.1: Hyperfine tensors of nuclei in FADH and tryptophan. Information on the
hyperfine tensors in photolyase and other molecules has been published previously
[214–216]. The hyperfine coupling constants were determined using the ESR and
ENDOR spectroscopy techniques. The chosen values listed are similar or identical
to those published earlier. The hyperfine coupling constants incorporate the g-value
of the electron and are in units of Gauss.
*The value of 9.89 G was used for radical pair model 1 and 0.00 G for radical pair
model 2.

Radical Pair Model Nuclei in FADH Nuclei in Tryptophan

1 N5 H5, Hβ
1

2 N5, H5 H5, Hβ
1

Table 4.2: Choices of nuclei for two radical pair models adopted.

In this thesis two representative choices of nuclei were considered. The first choice

1The α-carbon in organic chemistry refers to the first carbon after the carbon that attaches to
the functional group (the carbon is attached at the first, or alpha, position). By extension, the
second carbon is the β-carbon, and so on. This nomenclature can also be applied to the hydrogen
atoms attached to the carbons. A hydrogen attached to an alpha carbon is called an α-hydrogen,
a hydrogen on the β-carbon is a β-hydrogen, and so on.
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includes the nuclei N5 in FADH and H5 and Hβ
1 in tryptophan; the second choice

includes N5 and H5 in FADH and H5 and Hβ
1 in tryptophan. The two radical pair

models are listed in Table 4.2, and the corresponding hyperfine coupling constants

are given in Table 4.1. The chosen nuclei were those having the strongest hyper-

fine coupling according to the literature [214–216], as the calculated magnetic field

dependence of cryptochrome activation proved to be most sensitive to the influence

of these nuclei. The hyperfine coupling constants for the tryptophan nuclei were

determined using the electron spin resonance (ESR) and electron-nuclear double

resonance (ENDOR) spectroscopy techniques.

The coupling constants were then modified from the values reported and the

values that gave the largest change in activation upon increase of the magnetic field

to 5 G were chosen (as stated, the values of the chosen hyperfine coupling constants

are shown in Table 4.1). The goal was to demonstrate the possibility of obtaining a

large (on the order of 10%) variation (either an increase or decrease) in activation

yield when the magnetic field is varied according to the experiments [57].

In order to determine more precisely the magnetic field effect on cryptochrome

activation, one needs to obtain more accurate values of the hyperfine coupling con-

stants for the relevant nuclei in FADH and tryptophan. The results presented below

can only show the feasibility of obtaining a significant magnetic field effect in cryp-

tochrome based on estimates for the hyperfine coupling within the radical pair.

4.3 Rate Constants for the Electron Transfer Pro-

cesses in Cryptocrome

For realistic estimates of the reaction rate constants for electron forward transfer,

electron back-transfer, and tryptophan deprotonation, a combination of experimen-

tal values from the literature [138,141] and our own theoretical estimates were [36].

The rate constants for the electron transfer process were estimated within the frame-

work of the Marcus theory, that has been outlined in section 3.1.7.

4.3.1 Electron Forward Transfer

As indicated in Fig. 2.10, the rate constants for forward electron transfer Trp377 →
Trp400 and Trp324 → Trp377 are denoted by k1 and k2. These transfers correspond

to an electron jumping between tryptophans in the direction opposite to that of
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the arrows shown in Fig. 2.10, since the arrows actually indicate hole transfer. The

rate constants for the reverse electron transfer are denoted by (k1)
′
and (k2)

′
. The

electron forward transfer rate constants were experimentally determined for DNA

photolyase and were estimated to be about 108 s−1 [138,141].

The rate constants for the electron transfer process can be calculated with

Eq. (3.61). Note that the use of the edge-to-edge distance R in Eq. (3.61) provides

only a rough estimate of the electron tunneling rate constant. The edge-to-edge

distance is suitable in the case when the molecules are static, but in a protein at

thermal equilibrium, the tryptophans move and rotate, and the average distance be-

tween donor and acceptor groups offers a better variable for the spatial dependence

of the electron transfer rate. Accordingly, the average distance between tryptophans

is substituted in Eq. (3.61)

〈R〉 =
1

Npairs

∑
i∈Trp1

∑
j∈Trp2

|ri − rj| (4.1)

for R, where i and j denote the atoms in the first and second tryptophan, respec-

tively, and Npairs is the total number of atomic pairs. The average distance between

Trp377 and Trp400 calculated from Eq. (4.1) is 7.21 Å, while the average distance

between Trp324 and Trp377 is 8.37 Å. With ∆G0 = −0.2 eV (see Figs. 2.10 and 3.3)

and the generic value λ = 1.0 eV for the reorganization energy of electron tunneling

processes in proteins [159], one estimates k1 = 4.9× 108 s−1 and k2 = 9.9× 107 s−1

for electron transfer from Trp377 to Trp400 and from Trp324 to Trp377 respectively.

The value of λ ≈ 1.0 eV is typical for electron transfer in polar solvent, when no

large bond length changes are involved [217].

The value ∆G0 is estimated to be negative (see Figs. 2.10 and 3.3) despite

differences in the polarities of the tryptophan environments [138]. From inspection

of the crystal structure it was suggested [138] that the polarities increase and, hence,

the potentials decrease in the order of Trp400, Trp377, Trp324. The value for ∆G0

in DNA photolyase is calculated and discussed in [140].

The estimates above for k1 and k2 are in good agreement with experimentally de-

termined values [138,141] and correctly reproduce the order of magnitude of the elec-

tron transfer rate constants. To determine these constants the absorption spectrum

of the protein was recorded as a function of time. Absorbance changes accompany-

ing formation of the excited state of FADH and subsequent electron transfer were

monitored on a picosecond time scale. The recorded spectra were then attributed
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to a particular state of the FAD and tryptophan, because in different charge states

the molecules absorb light differently. From the changes in the absorbtion spectrum

it was possible to establish the rate constants for the electron transfer process.

For a more accurate evaluation of the rate constants it is necessary to employ

a more detailed model which accounts explicitly for the structure and vibrations of

the protein. However, such a model [218] is far beyond the scope of the present

thesis. Since the estimated rate constants are of the same order of magnitude as the

experimentally measured values, the experimentally measured rate constants will

be used in calculations. The estimated rate constants k1 and k2 are of about the

same order of magnitude, supporting the assumption that k1 = k2 in the stochastic

Liouville equation, Eqs. (3.39)-(3.41).

The rate constants for electron transfer Trp400 → Trp377 and Trp377 → Trp324

can also be estimated through Eq. (3.61). In this case ∆G0 = 0.2 eV is employed for

both processes. Thus, one estimates (k1)
′
= 1.6× 106 s−1 and (k2)

′
= 3.3× 105 s−1

for Trp400 → Trp377 and Trp377 → Trp324 transitions, respectively. These rate

constants are significantly smaller than k1 and k2 and, accordingly, electron transfer

in the reverse direction of the Trp400, Trp377, Trp324 chain can be neglected.

The physical reason behind the fact that k
′ ¿ k was discussed in section 3.1.7.

The rate constant of the electron transfer process is determined by the free energy

of the reaction, which in the case of electron forward transfer is negative (i.e. the

product state is energetically more favorable than the initial state), and is positive

in the case of electron backward transfer. This implies that the probability for the

electron to transfer backward is small and, therefore, k
′ ¿ k.

4.3.2 Electron Back-Transfer

The rate constants for electron back-transfer from FADH to a tryptophan, kb
1,

kb
2, and kb

3 (see Fig. 2.10) can also be estimated through Eq. (3.61). For this

purpose, one needs to know the distances between the fragments, the reorgani-

zation energies, and the driving forces. The characteristic distances RFADH-Trp400,

RFADH-Trp377, and RFADH-Trp324 are 6.0, 8.9, and 13.3 Å, respectively. The reor-

ganization energies are expected to increase with the growth of distance between

the two fragments and, thus, are chosen as 0.85, 1.0, and 1.4 eV for the pairs

FADH + Trp400, FADH + Trp377, and FADH + Trp324, respectively. The driving

forces for these processes can be estimated from the energy diagram in Fig. 2.10.
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Since cryptochrome is excited by a blue light photon, the energy difference between

the ground and excited states should be about 2.6 eV. The initial electron trans-

fer step, from Trp400 to FADH, proceeds downhill with a driving force of about

0.5 eV [138]. The next two electron transfer steps proceed with a decrease in energy

of 0.2 V [138, 140]. Accordingly, the driving energies are ∆G0FADH-Trp400
= −2.1 eV,

∆G0FADH-Trp377
= −1.9 eV, and ∆G0FADH-Trp324

= −1.7 eV. With these driving energies

one obtains kb
1 = 8.0 × 106 s−1, kb

2 = 1.4 × 107 s−1, and kb
3 = 8.7 × 106 s−1 for the

electron back transfers FADH → Trp400, FADH → Trp377, and FADH → Trp324,

respectively. The rate constants compare well with each other. For the sake of sim-

plicity the three rate constants will be considered to be equal, assuming a value of

107 s−1 (see Table 4.3).

4.3.3 Deprotonation Rate

The measured deprotonation rate of Trp324 at pH = 7.4 is kd = 3.3× 106 s−1 [138,

141]. This rate constant can also be estimated, but it depends on the temperature

and on the concentration of the external agent which induces deprotonation.

4.3.4 Rate Constants of Various Processes in Cryptochrome

The estimated values of the rate constants for various processes considered in the

calculation are compiled in Table 4.3. It should be noted that the measured rate

constants referenced in the thesis refer to DNA photolyase2, not cryptochrome,

and could easily be off by an order of magnitude for cryptochrome. However, since

accurate data for the rate constants in cryptochrome are not available, the estimated

values are used in conjunction with the measured rate constants from photolyase.

While the values presented here must be considered as approximate, the fact that

magnetic field effects are observed in Arabidopsis (which would not be possible

for unsuitable cryptchrome rate constants, see discussion below) suggests that the

estimated values are likely accurate to within an order of magnitude.

2DNA photolyase is an enzyme that binds complementary DNA strands and breaks pyrimidine
dimers that are typically caused by exposure to ultraviolet light. Pyrimidine dimers occur when
a pair of thymine bases or cytosine bases on the same strand of DNA bind together, resulting in
a ’bulge’ of the DNA structure referred to as a lesion. Photolyase has a high affinity for these
lesions in the DNA and will reversibly bind and split the dimer using light-energy. This enzyme
only functions as a DNA repair mechanism when visible light is available (preferentially from the
violet/blue end of the spectrum). This process is also known as photoreactivation.
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Process Rate constant Estimate (s−1) Measured value (s−1)
Electron forward k1 = k2 = ket 1× 108 1× 108, [138,141]
transfer

Electron reverse (k1)
′

1.6× 106 -
transfer

(k2)
′

3.3× 105 -
Electron back- kb

1 = kb
2 = kb

3 = kb 1× 107 -
transfer
Tryptophan kd - 3.3× 106, [138,141]
deprotonation
Singlet-triplet Ω 8.3× 107 -
interconversion

Table 4.3: Rate constants of various processes in cryptochrome-1.

4.4 Magnetic Field Dependence of Activation Yi-

eld

The dynamics of electron spins is governed by the hyperfine interaction with the

nuclei of the radical pairs. Due to computational costs it is impossible to account

for all nuclei in the system explicitly. Thus, two radical pair models have been

considered, each of which includes only selected nuclei from each of the radicals (see

chapter 4, section 4.2).

The choice of the radical pair model 1 was inspired by the work of Ahmad et

al. [57] on magnetic field effects in Arabidopsis thaliana, in which it was shown that

an external magnetic field can inhibit hypocotyl elongation, a process regulated

by cryptochrome. The inhibition of the hypocotyl growth in Arabidopsis thaliana

plantule is schematically shown in Fig. 4.2. The two plantules in Fig. 4.2 received

the same quantity of light, but were subjected to different magnetic fields. The

plantule shown in Fig. 4.2a is that which received the weaker magnetic field, while

in stronger magnetic field (see Fig. 4.2b) the magnetic field intensified the signal

perceived by the plant from light and inhibited the hypocotyk growth.

The results of this work strongly suggest that cryptochrome is responsible for the

magnetic field dependence of hypocotyl elongation in Arabidopsis thaliana. Radical

pair model 1 was used to justify this hypothesis and to show that the external

magnetic field can lead to an increase of the activation yield in cryptochrome. For

this model, nuclei which have the highest hyperfine coupling constants according to
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Figure 4.2: Plantule of Arabidopsis thaliana drawn according to Ref. [57]. Both
plantules received the same quantity of light, but were subjected to different mag-
netic fields. The plantule with the smaller stem (hypocotyl) (see (a)) is that which
received the weaker magnetic field, while in stronger magnetic field (see (b)) the
magnetic field intensified the signal perceived by the plant from light and inhibited
its growth.

the literature were used. Radical pair model 2 was chosen to show that the activation

yield in cryptochrome depends strongly on the hyperfine coupling constants of the

nuclei and that changes in their values can lead to rather different behavior of the

activation yield. For the purpose of demonstration, some of the experimentally

measured hyperfine coupling constants were altered (see Table 4.1).

Figures 4.3 and 4.4 present the magnetic field dependence of the total activation

yield Υ(B0) calculated for two chosen radical pair models. The total activation yields
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Figure 4.3: Cryptochrome activation yield Υ(B0) for radical pair model 1. The
probability for the formation of FADH + Trp324dep, averaged over angles Θ and Φ,

for radical pair model 1, that contains nuclear spins N5 on FADH and H5 and Hβ
1 on

the tryptophans, was calculated for different electron back-transfer rate constants:
thin solid line, kb = 106 s−1; thick solid line, kb = 107 s−1; dotted line, kb = 5× 107

s−1; dashed line, kb = 108 s−1. Υ0 represents the value of the yield at B0 = 0.
The values of the activation yield at B0 = 0 are given in Table 4.4. The maximal
difference in yield over the range from 0 to 5 Gauss is approximately +10% for this
model.

Rate constant kb (s−1) Radical pair model 1 Radical pair model 2
106 0.873 0.892
107 0.425 0.524

5× 107 0.121 0.163
108 0.058 0.080

Table 4.4: Values of the total activation yield Υ(B0) for B0 = 0 G calculated for
two radical pair models with different electron back-transfer rate constants.
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Figure 4.4: Cryptochrome activation yield Υ(B0) for radical pair model 2. The
probability for the formation of FADH + Trp324dep, averaged over angles Θ and Φ,
for radical pair model 2, that contains nuclear spins N5 and H5 on FADH and H5

and Hβ
1 on the tryptophans, was calculated for different electron back-transfer rate

constants: thin solid line, kb = 106 s−1; thick solid line, kb = 107 s−1; dotted line,
kb = 5× 107 s−1; dashed line, kb = 108 s−1. Υ0 represents the value of the yield at
B0 = 0. The values of the activation yield at B0 = 0 are given in Table 4.4. The
maximal difference in yield over the range from 0 to 5 Gauss is approximately -11%
for this model.

for Υ(B0 = 0) are given in Table 4.4. The results in Fig. 4.3 are consistent with

the hypothesis that cryptochrome harbors a measurable radical pair effect. The

experimental results of Ahmad et al. [57] on magnetic field effects in Arabidopsis

thaliana suggest that cryptochrome spends more time in its signaling state when

placed in a field of 5 G than in an earth-strength magnetic field. The activation yield

Υ(B0) presented in Fig. 4.3 is proportional to the time that the protein spends in

its signaling state. Fig. 4.3 shows that the activation yield increases with increasing

external magnetic field. For an electron back-transfer rate constant of 107 s−1 (see
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solid line in Fig. 4.3), the relative increase of Υ(B0) at 5 G is about 10%, which is of

the same order of magnitude as the plant growth inhibition effect reported in [57].

The relative increase of Υ, Υrel, is defined as follows:

Υrel(B0) =
Υ−Υ0

Υ0(kb = 107 s−1)
. (4.2)

Of course the 10% effect is rather small, but nevertheless it might be recognized by

the living system. This supports the hypothesis that cryptochrome is responsible

for the magnetic-field-dependent stem growth in plants. Note, that the activation

yield in Fig. 4.3 increases only for low magnetic fields, i.e. 0.5-2 G, and is almost

constant for magnetic fields higher than 2 G.

The magnetic field dependence of the activation yield Υ(B0) for radical pair

model 2 is shown in Fig. 4.4. This example shows that the activation yield can

decrease with an increase of the external magnetic field. Of the considered electron

back-transfer rate constants, the maximal relative decrease occurs for a constant of

107 s−1 and is about 11%. Comparison of model 2 with model 1 shows an increase

of total FADH + Trp324dep yield with field strength, demonstrating dramatically

that the hyperfine coupling constants influence the activation yield behavior in a

complex way. Unfortunately, the hyperfine coupling constants are not well known

for the nuclei of the FADH and tryptophan in cryptochrome. In order to determine

the exact magnetic field response, it will be necessary to obtain experimental in-

formation regarding the hyperfine coupling constants of FADH and of each of the

three tryptophans in their native environment within cryptochrome. It will also

be necessary to greatly extend the present numerical calculation to include a large

number of nuclear spins hyperfine-coupled to the unpaired electronic spins.

Figures 4.3 and 4.4 also show the magnetic field dependence of the activation

yield Υ(B0) calculated for different electron back-transfer rate constants. From the

estimates performed above, one expects the rate for electron back-transfer to be of

the order of 107 s−1. From Figs. 4.3 and 4.4 it is clear that for this particular value

of the electron back-transfer rate constant the magnetic field effect is maximal (see

solid lines in Figs. 4.3 and 4.4).

The fact that lower and higher values of the electron back-transfer rate con-

stants lead to less pronounced magnetic field effects on cryptochrome activation has

a simple explanation. If the electron back-transfer rate constants (kb) are 106 s−1 or

less, then most of the hole density will reach Trp324 and the protein will reach its
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signaling state with only minor loss of the hole density. This happens because the

rate constants of the electron forward transfer process and the tryptophan deproto-

nation process are larger than the rate constant of electron back-transfer (106 s−1).

The external magnetic field modulates the probability for the radical pair to be

in the singlet state of FADH + Trp324+ – the only state in which the electron

back-transfer process is possible. If electron back-transfer is slower than the de-

protonation Trp324+ → Trp324dep (kd ≈ 3 × 106 s−1), the external field can only

slightly influence the signaling state of the protein (see solid thin lines in Figs. 4.3

and 4.4).

On the other hand if the electron back-transfer rate constant is larger than

107 s−1, e.g. 5 × 107 s−1 or 108 s−1 (dotted and dashed lines in Figs. 4.3 and 4.4),

it becomes comparable to the rate constants of forward electron transfer (108 s−1)

and with the rate of singlet-triplet interconversion (≈ 108 s−1, see Eq. (3.82)). In

this case, formation of the FADH + Trp324+ radical pair is impeded and magnetic-

field-dependent spin conversion processes will arise to a lesser degree such that the

activation yield Υ(B0) becomes reduced.

4.5 Angular Dependence of Activation Yield

In order for a radical-pair-based activation in cryptochrome to function as an incli-

nation compass, the FADH + Trp324dep yield must exhibit variations with respect

to the orientation of cryptochrome relative to an external magnetic field. This

orientational dependence could modulate the visual sense of a bird to produce mag-

netotaxis, as described in [1]. The variation of the total activation yield for the

case of radical pair model 1 is shown in Fig. 4.5. The angular dependence of the

activation yield depends strongly on the hyperfine coupling constants of the nuclei

and, therefore, should be different for radical pair model 2. In the present thesis no

differences are discussed and only a single example as an illustration of the possible

outcome, namely, for radical pair model 1 is shown.

Figure 4.5 shows that at (Θ = 15◦,Φ = 90◦) and (Θ = 165◦,Φ = -90◦) the ac-

tivation yield has profound minima at all magnetic field strengths. Fig. 4.5 shows

also that the activation yield, Υ(B0, Θ, Φ), in the Θ, Φ-plane has a maximal ridge

near Θ = 90◦ which is most prominent around B0 = 2.5 G and is less pronounced

at higher and lower magnetic field strengths. These minima and the maximal ridge

at Θ = 90◦ can be explained if one examines the principal axes of the hyperfine
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Figure 4.5: Contour plots of the angular dependence of the cryptochrome activation
yield. The plots show the FADH + Trp324dep yield for radical pair model 1. The
yield exhibits a maximal ridge at about θ = 90◦ which is most prominent around
B0 = 2.5 G and fades away at higher and lower magnetic field strengths.

coupling tensors and considers the fact that each nuclear spin contributes an effec-

tive local field (see Fig. 3.1) µB
~Ii · Âi to the electron spin precession. The nuclei

that contribute to the anisotropic hyperfine coupling are N5 and H5 on FADH (see

Fig. 3.1), the hyperfine tensors being listed in Table 4.1. The dominant contribution

to the hyperfine coupling stems from the principle axes of N5 and H5 that happen

to both be oriented closely along the z-axis, deviating from it by Θ = 15◦, Φ = 90◦.

N5 contributes a local field of ±14 G (combining isotropic and anisotropic contribu-

tions), while H5 contributes ±5 G. These fields are larger than the external field, so

that the effect of the external field is minimized in the direction Θ = 15◦, Φ = 90◦

(as well as in the opposite direction Θ = 165◦, Φ = -90◦). This behavior can be seen
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clearly in Fig. 4.5.

The effective field contributed by N5 and H5 in the xy-plane, on the other hand,

is small enough that an external field of about 2.5 G can effectively modulate the

electron spin precession around the combined (nuclear and external) local field (see

the semiclassical picture of the radical pair electron spin dynamics in Fig. 3.1).

As explained in detail in [88,89], in the semiclassical picture the electrons precess

in the local magnetic field, which is given by ~B +
∑

i
~Ii · Âi, with contributions

from the external field ~B and from the nuclear spins ~Ii. Nitrogen and hydrogen

have nuclear spin 1 and 1/2 respectively, thus N5 contributes only ±1 G in each

component of the xy-plane (BN5
x ≈ 3.93 − 4.92 ≈ −1 G; BN5

y ≈ 3.93 − 4.98 ≈ −1

G), while H5 contributes ±7 G along the x-axis (BH5
x ≈ 1

2
(−7.69− 6.16) ≈ −7 G),

and a negligible field along the y-axis. Therefore, an external field can contribute

significantly to the effective local field on FADH in the xy-plane, leading to the

maximal ridge in the orientational dependence as seen in Fig. 4.5.

The projection of the local magnetic field in the FADH radical on the xy-plane

is limited by an ellipse which has principal radii bx = |BN5
x |+ |BH5

x |+B0 = 8+B0 G

and by = |BN5
y |+ |BH5

y |+ B0 = 1 + B0 G. The x- and y-contributions of the N5 and

H5 nuclei are 8 G and 1 G, respectively, and B0 is the contribution of the external

magnetic field. The average field created by the N5 and H5 nuclei in the xy-plane is

defined as follows:

B̃ =

∫
el.

√
x2 + y2dxdy

Sel.

, (4.3)

where the integration is performed over the area of the ellipse, in which the local

magnetic field is changing. Sel. = πbxby is the area of this ellipse. The integral in

Eq. (4.3) can be computed accordingly:

B̃ =
1

πbxby

∫ 2π

0

∫ bxby√
b2y cos2 α+b2x sin2 α

0

r2drdα =
4byEllipticE

(
1− b2x

b2y

)

3π
. (4.4)

Here EllipticE(x) is the complete elliptic integral, which is defined as follows:

EllipticE(x) =

∫ π/2

0

√
1− π

2
sin2(θ)dθ. (4.5)

At B0 = 0 G, B̃ = 3.47 G. This value of B0 corresponds to the upper left

contour plot in Fig. 4.5, which is constant and without angular dependence. The
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ridge in the orientational dependence at θ = 90◦ in Fig. 4.5 has its maximal value at

B0 = 2.5−3.5 G, which is also close to the field value where Υ(B0) has its maximum

(see Fig. 4.3).

It is important to note that the activation yield is dependent only on the incli-

nation of the external magnetic field and not on its polarity, a feature explained in

section 2.2. This can be seen from the contour plots in Fig. 4.5, which obey the

symmetry property:

Υ(Θ, Φ) =

{
Υ(π −Θ,−π + Φ), Φ ≥ 0
Υ(π −Θ, π + Φ), Φ < 0

(4.6)

Small deviations from this condition arise due to interpolation errors of the contour

plots. The fact that the activation yield depends only on the inclination of the

magnetic field and not its direction, supports the hypothesis that the radical pair

mechanism is involved in avian magnetoreception, as migratory birds only possess

an inclination compass.

4.6 Time Dependence of Singlet and Triplet Pop-

ulations

The probability Tr[Q̂Sρ3(t)] arising in Eq. (3.85) and its complement Tr[Q̂T ρ3(t)]

represent the populations for the FADH + Trp324+ radical pair in the singlet and

triplet state, respectively. The time dependence of these quantities provides infor-

mation on the characteristic time scales of the spin dynamics underlying the radical

pair mechanism. From the time evolution of the singlet and triplet populations, it

is possible to establish the time needed for the electron hole to reach Trp324, and

for FADH + Trp324+ to assume a maximal singlet or triplet state character, as well

as the characteristic time of the entire process, i.e., the time when the population

of FADH + Trp324+ has decayed to zero.

The time dependence of the singlet and triplet populations (Tr[Q̂Sρ3(t)] and

Tr[Q̂T ρ3(t)]) for radical pair model 1 are plotted in Fig. 4.6. The populations oscillate

about an initial rise and a subsequent exponential decay. The oscillations arise due to

the singlet-triplet interconversion, while the decay stems from electron back-transfer

and Trp324+ deprotonation.

From the maxima and minima of the singlet/triplet population one can establish

the characteristic time of the singlet-triplet interconversion. The first five maxima
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Figure 4.6: Time dependence of singlet and triplet populations. The results shown
are those for radical pair model 1, calculated for rate constants ket=1 × 108 s−1, kb

= 1 × 107 s−1, and evaluated at Θ = 0◦, Φ = 0◦.

and minima which arise in the time dependence of the triplet population at an

external field of 0 G are compiled in Table 4.5. The time difference between two

neighboring maxima and minima corresponds to the time of the interconversion pro-

cess governed by the hyperfine coupling only. From the data presented in Table 4.5

one finds τT−S ∼ τS−T ∼ 15− 25 ns (kS−T = 5− 6.7× 107 s−1). This estimate is in

agreement with the estimate performed earlier (see subsection 3.1.8 and Eq. (3.82)).

The results for the time evolution of the spin populations might be used for the

experimental verification of the suggested mechanism. For example, time-resolved

ESR techniques could be applied to probe the spin correlation of photoinduced

radical pairs in cryptochrome in the same manner as these techniques have been

applied to photosynthetic reaction centers [219,220]).

At 0 G, the singlet and triplet populations reach their first maxima at 45 ns and

29 ns, respectively (see Fig. 4.7). Note that a maximum in the singlet population

corresponds to a minimum in the triplet population and vice versa. Thus, at 45 ns

the triplet population has a profound minimum (see Fig. 4.6 and Fig. 4.7). The
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Maxima (ns) Minima (ns) ∆τ (ns)
29 45.5 16.5

62(74) 91 29(23.5)
100.5 114.5 14

128.5(139) 158 29.5(24.3)
177.5 204 26.5

Table 4.5: The first five maxima and minima in the time evolution of the triplet
population at 0 G. ∆τ gives the time difference between two neighboring maxima and
minima. The values in brackets correspond to cases when two close lying maxima
arise.

Figure 4.7: Time dependence of singlet and triplet populations. The results shown
are those for radical pair model 1, calculated for rate constants ket=1 × 108 s−1,
kb = 1 × 107 s−1, and evaluated at Θ = 0◦, Φ = 0◦. (a) The time evolution of
the singlet and triplet population at 0 G; (b) The time evolution of the singlet and
triplet population at 5.0 G;

positions of maxima and minima depend on the magnetic field strength; the first

maximum for the singlet population is shifted to shorter times with increasing mag-
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netic field strength, while the first triplet population maximum is shifted to longer

times. At 5 G, the first maximum occurs at 37.5 ns for the singlet population and

at 52.5 ns for the triplet population. The triplet population also exhibits a strong

second maximum which occurs at 61 ns and 62.5 ns for 0 and 5 G, respectively.

The value of the singlet and triplet populations at these maxima (especially in

the singlet population) decreases with increasing magnetic field strength. This fact

has a simple explanation. The two maxima in the triplet population come closer to

each other with increasing magnetic field, and nearly merge at 5 G. Thus, the value

of the population at the minimum between the maxima rises and the magnitude of

the maximum in the singlet population decreases.

From Fig. 4.6 it is also possible to estimate the time of the overall radical pair

reaction. From this figure it is clear that at t ∼ 700 ns, both singlet and triplet

populations have decayed to zero.
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Chapter 5

Iron-Mineral based
Magnetoreceptor Model

5.1 Introduction

In this section the iron-mineral-based magnetoreception mechanism is discussed.

First the potential energy surfaces of the magnetite cluster calculated at different

orientations of the external magnetic field are presented and the differences are

discussed. From the potential energy surfaces the forces acting on the magnetite

cluster are calculated and the differences arising at different orientations of the ex-

ternal magnetic field are shown. In subsection 5.3 all particles in the system are

assumed to behave like point-like dipoles, while in subsection 5.5 their size is ac-

counted for. In subsection 5.4 the transducer mechanism of the geomagnetic field is

discussed. In subsection 5.6 the magnetic functionality window of the iron-mineral-

based magnetoreceptor is discussed. In subsection 5.7 It is demonstrated that the

iron-mineral based magnetoreceptor mechanism provides a polarity compass. In

subsection 5.8 the magnetoreceptor systems with different number of platelets are

discussed. It is demonstrated that magnetoreceptor system with one platelet pos-

sesses the properties of an inclination compass, while magnetoreceptor systems with

two, three and more platelets have the properties of a polarity compass. In section

5.9 the magnetoreceptor systems with different number of platelets is studied in

higher magnetic fields (i.e. higher than the geomagnetic field). In subsection 5.10

several possible roles of the non-magnetic vesicle are suggested. In subsection 5.11

the most important problems, which need further experimental confirmation are

outlined.



98 Iron-Mineral based Magnetoreceptor Model

5.2 Magnetic Properties of the Magnetite Plate-

lets and of the Magnetite Cluster

As already discussed in section 2.4.2 the magnetoreceptor unit likely includes ten

maghemite platelets and a magnetite cluster (see Fig. 2.14) which consist of ferri-

magnetic minerals and thus should have magnetic moments. However there might

be units with a different number of platelets, i.e. with five, two, one. As will be

shown in section 5.8 that such systems might play a very important role in the mag-

netoreception process. Therefore an experimental determination of the distribution

of magnetoreceptor units with different number of platelets is necessary. First, a

magnetoreceptor unit with ten platelets will be considered, while in the later sub-

sections of this chapter magnetoreceptor systems with different number of platelets

will be discussed.

The magnetic moments of the platelets and the cluster are quite different alto-

gether: the platelets behave like small permanent magnets while the cluster has an

induced magnetic moment. In subsections 3.2.2 and 3.2.3 the expressions for the

magnetic moments of the maghemite platelets and the magnetite clusters will be

derived.

The magnetization of a ferrimagnet determines its magnetic properties. The

magnetization of magnetite and maghemite has a hysteresis shape (see Fig. 3.7) if

considered as a function of an external magnetic field (induction) [202, 203]. The

hysteresis loop is characterized by the remanent magnetization Mr, saturation mag-

netization Ms and coercive force Hc (see Fig. 3.7). The hysteresis parameters de-

pend on the temperature and on the size of the particle. The size of the maghemite

platelets is about 1 µm and the magnetite cluster consists of magnetite nanoparticles

which are 2-5 nm in diameter [46, 47,60].

The hysteresis parameters for 1 µm maghemite particles at room temperature

are: Mr = 50 emu/cm3 [202], Ms = 377 emu/cm3 [203] and Hc = 233 Oe, corre-

sponding to Bc = 233 G [203].

For magnetite nanoparticles (1-10 nm), the hysteresis parameters are Mr ≈ Ms =

480 emu/cm3 [25, 203], while Hc = 180− 295 Oe (Bc = 180− 295 G).

The Earth magnetic field has an induction of about 0.5 G, while the typical

magnetic field created by the chain of maghemite platelets is 10 G, based on calcu-

lations to be, discussed in the next subsection. Note, that the chain-like assembly

of the maghemite platelets is energetically the most favorable because in that case
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the magnetic moments of the platelets are aligned one after another. The resulting

magnetic field in this case is maximal. The magnetite cluster interacts with the

external magnetic field and with the magnetic field created by the platelets. If all

maghemite platelets would bundle together, then the magnetic moments of individ-

ual platelets would be stochastically distributed, leading to a lower magnetic field

compared to the case of an ordered chain. Since for maghemite and for magnetite,

Bc À 10 G, only a narrow region of the magnetization plot in Fig. 3.7 corresponding

to to the field strengths less than 10 G is used in the system and the magnetization

of magnetite and maghemite is almost constant, equal to the remanent saturation

magnetization.

Using Eq. (3.90) one can estimate the magnetic moment of the maghemite

platelet. With Mmaghm
r = 50 emu/cm3 [203], lx = lz = 1 µm and ly = 0.1 µm

one obtains: mi ≈ 3.121 eV/G.

With Mmagn
r = 480 emu/cm3 [25,203] and r0 = 2.5 nm [25,46,47,63] one obtains

µ ≈ 19.61 µeV/G. Substituting this value into Eq. (3.101) and dividing it by the

volume of the magnetite cluster one obtains the volume susceptibility of the cluster

χv (see also Eq. (3.103)), which at 300 K is equal to χv = 0.12 CGS units. Note that

this value is in very good agreement with the value used in an earlier investigation

[40], and is typical for ferrofluids based on magnetite (χv = 0.1 CGS units). With

H = 10 Oe, being the typical value of the local field at the site of the magnetite

cluster, one obtains: 〈M〉 ≈ 0.392 eV/G. Note that this value is about an order of

magnitude smaller than the magnetic moment of a single maghemite platelet (see

estimates in the previous paragraph).

5.3 Interaction of Point-Like Dipoles

5.3.1 Potential Energy Surface of the Magnetite Cluster

Figure 5.1 shows the potential energy of the magnetite cluster as a function of

coordinates x and y, while z=0 µm (see Fig. 2.14), calculated at different orientations

of the external magnetic field vector. Plots (a), (b) and (c) show the potential

energy surfaces calculated for three different orientations of the external magnetic

field vector corresponding to alignment along the x-, y- and z- axes of the considered

coordinate frame respectively. In this calculation the maghemite platelets and the

magnetite cluster are considered as point-like dipoles. However because of their real
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dimensions, there exists an excluded region on the potential energy surface, where

the magnetite cluster can not be placed. The maghemite platelets in Fig. 5.1 are

shown with black rectangles. The gray rectangle in the center of the potential energy

surfaces defines the excluded region for the magnetite cluster.

In the calculations, the external magnetic field strength was assumed to be 0.5 G,

being a typical value of the earth magnetic field strength. The potential energy sur-

faces shown in Fig. 5.1 were calculated using Eq. (3.111) with w = 1, corresponding

to the first order of approximation of the magnetic moments of the platelets.

To study the accuracy of the first-order approximation, Fig. 5.2 shows the differ-

ence between the potential energy surface of the magnetite cluster calculated with

w = 1 and with w = 4, assuming that the external magnetic field is oriented along

the z-axis (see Fig. 2.14). Fig. 5.2 shows that the energy difference between the two

approximations is less than 3 meV, being maximal when the energy of the mag-

netite cluster is less than -1 eV (see Fig. 5.1). Therefore with w = 1 it is possible to

calculate the potential energy surface of the magnetite cluster with an error of less

than 1 %.

The reason why corrections of higher order do not influence the potential energy

surface of the magnetite cluster significantly can be understood if one considers

the magnetic moment of the platelets calculated at different orders of successive

approximation. The x- and z- components of the magnetic moments of the ten

platelets obtained with w = 0, 1, 2, 4 and 10 are compiled in Tab. 5.1, with the

external magnetic field oriented along the z-axis. Since the magnetic moment of a

platelet rotate only in the (xz)- plane, its y-component is zero. This assumption is

governed by the size and the spatial arrangement of the platelets in the dendrite

(see discussion in section 2.4.2).

From Tab. 5.1 it is clear that accounting for approximations of higher orders does

not change the direction of the magnetic moments significantly. This is because the

external magnetic field is of the order of 0.5 G, being significantly lower than the

magnetic field created locally by the platelets. Therefore the magnetic moments

of the platelets are aligned along the x-axis with only a small deviation in the z-

direction (see Tab. 5.1). Comparing the magnetic moments obtained with w = 1

and w = 10, one can conclude that the first-order approximation describes the

magnetic moments of the platelets with a reasonable accuracy (deviation≈ 10−3).

In further considerations, the first-order approximation will be used since

it describes the essential physics of the system and provides a relatively
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Figure 5.1: Potential energy surfaces of the magnetite cluster calculated in the
case when the maghemite platelets and the magnetite cluster are assumed point-
like dipoles. The potential energy surfaces are shown as a function of its x and
y coordinates, while z=0 µm (see Fig. 2.14) calculated at different orientations of
the external magnetic field vector: magnetic field vector aligned along the x-axis
(a); magnetic field vector aligned along the y-axis (b); magnetic field vector aligned
along the z-axis (c). The maghemite platelets are shown with black rectangles. The
gray rectangle in the center of the potential energy surfaces shows the region, where
the magnetite cluster can not be placed, due to the finite size of the particles in the
system. The energy scale is given in eV right to the contour plots. The equipotential
lines are shown for the energies -0.03, -0.06, -0.12, -0.24, -0.48 and -0.96 eV. The
region of the potential energy surface in the vicinity of the maghemite platelets chain
tip is shown at the left of the corresponding surface with greater resolution. The
equipotential lines in these contour plots are shown for the energies -1, -2 -3, -4, -5,
-6, -7, -8 and -9 eV.

simple analytical expression for the potential energy (see Eq. (3.111)).

The potential energy surfaces calculated for the x-, y- and z- orientations of the
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Figure 5.2: The difference between the potential energy of the magnetite cluster
calculated in the first and in the fourth orders of approximation using Eq. (3.111).
The energy scale is given in meV. The equipotential lines are shown for the energies
-0.2, -0.5, -1.0, -1.5, -2.0, -2.5, -3.0 meV. The external magnetic field is directed
along the z-axis.

Magnetic moment of a platelet (m
(w)
x ,m

(w)
z ) eV/G

N w = 0 w = 1 w = 2 w = 4 w = 10
1 (3.212, 0) (3.116, 0.173) (3.119, 0.127) (3.118, 0.145) (3.117, 0.150)
2 (3.212, 0) (3.120, 0.095) (3.121, 0.031) (3.121, 0.040) (3.121, 0.044)
3 (3.212, 0) (3.120, 0.090) (3.121, 0.042) (3.121, 0.056) (3.121, 0.061)
4 (3.212, 0) (3.120, 0.088) (3.121, 0.043) (3.121, 0.054) (3.121, 0.058)
5 (3.212, 0) (3.120, 0.088) (3.121, 0.043) (3.121, 0.054) (3.121, 0.058)
6 (3.212, 0) (3.120, 0.088) (3.121, 0.043) (3.121, 0.054) (3.121, 0.058)
7 (3.212, 0) (3.120, 0.088) (3.121, 0.043) (3.121, 0.054) (3.121, 0.058)
8 (3.212, 0) (3.120, 0.090) (3.121, 0.042) (3.121, 0.056) (3.121, 0.061)
9 (3.212, 0) (3.120, 0.095) (3.121, 0.031) (3.121, 0.040) (3.121, 0.044)
10 (3.212, 0) (3.116, 0.173) (3.119, 0.127) (3.118, 0.145) (3.117, 0.150)

Table 5.1: Magnetic moments of the maghemite platelets of the magnetoreceptor
unit (see Fig. 2.14) calculated at different orders of successive approximation, w. The
values in the table correspond to the x- and z- components of the magnetic moments
are indicated as m

(w)
x and m

(w)
z . The y-component of the magnetic moments m

(w)
y = 0

eV/G. The external magnetic field is aligned along the z-axis.

external magnetic field are shown in plots (a), (b) and (c) in Fig. 5.1 respectively.

The potential energy surfaces for these three cases are similar, although some differ-

ences can be observed. For instance, the potential energy surfaces corresponding to
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the x- and z- orientations of the external magnetic field have axial symmetry along

the y=0 µm, z=0 µm axis, while the potential energy surface corresponding to the

y-orientation of the external magnetic field has point symmetry with respect to the

point (5.45,0) µm. At y≈ ±0.7 µm, z=0 µm there are two valleys with several

minima whose steepness is determined by the external magnetic field.

Additionally, there are two strong minima at the tips of the platelet chain with

energy of about -8.5 eV. This is significantly lower then the energy of the minima in

the valleys at y≈ ±0.7 µm, which is -2.8 eV (see plots in the left part of Fig. 5.1).

This leads to the conclusion that the spots of the most energetically favorable at-

tachment of the magnetite cluster are at the tips of the maghemite chain. This fact

is in agreement with experimental observations [58–61].

5.3.2 Forces Acting on the Magnetite Cluster

From the potential energy surface of the magnetite cluster it is possible to calculate

the force acting on it. The three force components are shown in Fig. 5.3 as a

function of the x-coordinate of the magnetite cluster when y=0.8 µm and z=0 µm

(see Fig. 2.14). The force components were calculated with Eq. (3.112) for three

perpendicular orientations of the external magnetic field. Plots (a), (b) and (c) in

Fig. 5.3 correspond to the magnetic field orientation along the x-, y- and z-axes

respectively. Solid-thin, dotted and dashed lines in Fig. 5.3 correspond to the x-, y-

and z-components of the force vector respectively. Thick lines show the dependence

of the force vector magnitude on the x-coordinate of the magnetite cluster.

From Fig. 5.3 it is clear that the largest force acts on the magnetite cluster at

the tips of the maghemite platelet chain. Note, that the z-component of the force

vector is zero if the external magnetic field is directed along the x- and y-axes. In

these cases the magnetic moments of the platelets and of the cluster are found in the

(xy)-plane, and therefore the force acting on the cluster in the z-direction is zero.

If the external field is directed along the z-axis then the magnetic moments of the

platelets and the cluster contain a z-component (see Tab. 5.1), hence a z-component

of the force vector exists. This fact is illustrated in Fig. 5.3.

The effect of the external magnetic field on the forces acting on the magnetite

cluster can be seen if one considers the differences between the forces at different

orientations of the external magnetic field vector. The plots in the left part of

Fig. 5.4 show the difference between the force components corresponding to the
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Figure 5.3: Force components acting on the magnetite cluster as a function of the
x-coordinate of the magnetite cluster, while the y- and z- coordinates are 0.8 µm and
0 µm respectively (see Fig. 2.14) calculated at different orientations of the external
magnetic field vector: plots (a), (b) and (c) correspond to the alignment of the
magnetic field vector along the x-, y- and z-axes respectively. The x-, y- and z-
components of the force vector are shown with thin-solid, dotted and dashed lines
respectively. Thick lines show the dependence of the force vector magnitude on the
x-coordinate of the magnetite cluster.

change of external magnetic field orientation from x to z, while the plots in the right

part of the figure show the differences between the force components corresponding

to the change from x- to y-orientation. Plots (a), (b) and (c) in Fig. 5.4 show the
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Figure 5.4: Difference in force components acting on the magnetite cluster at differ-
ent orientations of the external magnetic field vector. The plots in the left part of
the figure show the difference between the force components corresponding to the
change of external magnetic field orientation from x to z, while plots in the right
part of the figure show the differences between the force components corresponding
to the change from x- to y-orientation are shown. Plots (a), (b) and (c) show the
differences arising in the x-, y- and z-components of the force vector as a function of
the x-coordinate of the magnetite cluster. The x-dependence of the magnitude of the
force difference vector is shown in plots (d) of the figure. The y- and z-coordinates
of the magnetite cluster are 0.8 µm and 0 µm respectively.

differences arising in the x-, y- and z-components of the force vector as a function

of the x-coordinate of the magnetite cluster. The difference of force components are

defined as follows:

∆Fx(Ω1) = Fx(Ω1)− Fx(Ω0) (5.1)

∆Fy(Ω1) = Fy(Ω1)− Fy(Ω0) (5.2)

∆Fz(Ω1) = Fz(Ω1)− Fz(Ω0), (5.3)
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Figure 5.5: Schematic illustration of the 90◦ change of the direction of the exter-
nal magnetic field through the magnetoreceptor system. Plot (a): the bird flying
from North to South has the magnetoreceptor system (see Fig. 2.14) aligned with
the direction of the geomagnetic field. Plot (b): the bird changed its course to
East→West causing the geomagnetic field vector to become perpendicular to the
magnetoreceptor system.

where Ω1 denotes the direction of the external magnetic field, which is characterized

either by (Θ = 0◦, Φ = 0◦) or (Θ = 90◦, Φ = 0◦). Ω0 denotes the ”reference

direction”, which is characterized by (Θ = 90◦, Φ = 90◦). The x-dependence of

the magnitude of the force difference vector is shown in plots (d) in Fig. 5.4. The

magnitude of the force difference vector is defined as:

∆F (Ω1) =
√

∆F 2
x (Ω1) + ∆F 2

y (Ω1) + ∆F 2
z (Ω1) (5.4)

Figure 5.4 shows that the 90◦ change in the direction of the external magnetic

field changes the force acting on the magnetite cluster by 0.1-0.2 pN (see plots (d)

in Fig. 5.4). In the next section, the influence of this force on the probability of
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opening the mechanosensitive ion channels is discussed.

The described 90◦ change in direction of the external magnetic field arises, for ex-

ample, if a bird changes its flight route direction from North→South to East→West.

A schematic illustration for such behavior is shown in Fig. 5.5

5.4 Model for a Transducer Mechanism of the Ge-

omagnetic Field

In this subsection a model for a transducer mechanism of the geomagnetic field based

on the magnetite clusters interacting with maghemite platelets and the external field

is discussed. Two possible transducer mechanisms are presented, as the connection

between the cluster and the membrane is not fully understood. The mechanism

presented here need further experimental support. It should be technically feasible

to remove the layer of skin with the sensory endings still attached to the afferent

nerves and perform gentle distortions that may mimic effects of magnetic fields. This

kind of data may hint to the preferential direction and magnitude of the expected

dendrite deformations.

Depending on the magnetic field strength, the magnetite cluster can exert forces

on the membrane and activate certain mechanosensitive ion channels 1 that modu-

lates the flux of ions into the cell. Gating these channels will alter the membrane

potential and produce a receptor potential that can be transmitted to other cells –

thus influencing the behavior of the bird. A typical example of a mechanosensitive

1An ion channel is an integral membrane protein or more typically an assembly of several
proteins. Such ”multi-subunit” assemblies usually involve a circular arrangement of identical or
homologous proteins closely packed around a water-filled pore through the plane of the membrane
or lipid bilayer. While some channels permit the passage of ions based solely on charge, the
archetypal channel pore is just one or two atoms wide at its narrowest point. It conducts a specific
species of ion, such as sodium or potassium, and conveys them through the membrane single file –
nearly as quickly as the ions move through free fluid. In some ion channels, passage through the
pore is governed by a ”gate,” which may be opened or closed by chemical or electrical signals,
temperature, or mechanical force, depending on the variety of channel. Because ”voltage-gated”
channels underlie the nerve impulse and because ”transmitter-gated” channels mediate conduction
across the synapses, channels are especially prominent components of the nervous system. Indeed,
most of the offensive and defensive toxins that organisms have evolved for shutting down the
nervous systems of predators and prey (e.g., the venoms produced by spiders, scorpions, snakes,
fish, bees, sea snails and others) work by plugging ion channel pores. In addition, ion channels
figure in a wide variety of biological processes that involve rapid changes in cells, such as cardiac,
skeletal, and smooth muscle contraction, epithelial transport of nutrients and ions, T-cell activation
and pancreatic beta-cell insulin release. In the search for new drugs, ion channels are a favorite
target.
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Figure 5.6: Schematic illustration of the gating-spring transducer mechanism of
the geomagnetic field. The opening/closing of the mechanosensitive ion channel is
regulated by the gate, which is connected to an elastic element, the gating spring.
The channel has two conformations, closed (a) and open (b), being in thermal
equilibrium. The gating springs are connected to the magnetite cluster (c) which
produces an external pull or push on the gates.

ion channel is the transduction channel of a hair cell (for review see Refs. [221–225]).

A schematic illustration of an ion channel gated by mechanical force is shown in

Fig. 5.6. The channel is assumed to have two conformations: closed (see Fig. 5.6a)

and open (see Fig. 5.6b). Because the gate swings through a distance of λ0 upon
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opening, an external force f changes the energy difference between open and closed

states and can bias the channel to spend more time in its open state. The gating

springs are connected to the magnetite cluster (see Fig. 5.6c) which produces an

external pull on the gates. The magnitude of the external force can be estimated.

Consider an animal rotating by 90◦ (see Fig. 5.5), the direction of the earth’s mag-

netic field lines through the sensor changes, causing a force difference of about 0.2

pN (see subsection 5.3) which is transmitted to the membrane.

If the work done in gating the channel is ∆E and the equilibrium probability of

the open state is pO, then according to statistical physics:

pO =
1

1 + exp
(

∆E
kT

) . (5.5)

Assuming that the magnetite cluster exerts a pull on the gate then the expression

for ∆E reads as [226,227]:

∆E = ∆ε− fλ0, (5.6)

here the first term represents the change of the intrinsic energy between the open

and the closed states of the channel and the second term shows the work of the

external force required for opening the channel. λ0 is the displacement value of the

gate. For the mechanosensitive ion channels in hair cells, λ0 ≈ 4 nm [222, 226].

Substituting Eq. (5.6) into Eq. (5.5) one obtains the probability for the channel to

be open in the presence of an external force:

p =
1

1 + exp
(

∆ε−fλ0

kT

) . (5.7)

Thus, the change of the channel opening probability due to the applied force is:

η =
p− p̃O

p̃O

· 100% =
exp

(
∆ε
kT

) (
exp

(
fλ0

kT

)− 1
)

exp
(

fλ0

kT

)
+ exp

(
∆ε
kT

) · 100%, (5.8)

where p̃O is the probability for the channel to be open if no external force is applied

(i.e. f = 0). Usually [226], it is assumed that ∆ε = 0, but in general it is not

because the gate can build hydrogen bonds with the membrane, which brake when

the gate is opened. Thus ∆ε > 0.

The dependence of the change of channel opening probability, η on ∆ε (thick

line) is shown in Fig. 5.7. This curve was obtained for f = 0.2 pN. From Fig. 5.7
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and from Eq. (5.8) it follows that the change of the channel opening probability

saturates at large values of ∆ε. The limiting value is

ηmax =

(
exp

(
fλ0

kT

)
− 1

)
· 100%. (5.9)

For the given f , λ0 and T : ηmax = 21%, being the maximal possible change of the

channel opening probability in the suggested mechanism. If ∆ε = 0 then

η0 =
exp

(
fλ0

kT

)− 1

1 + exp
(

fλ0

kT

) · 100%. (5.10)

With the given f , λ0 and T : η0 = 9.6%. If ∆ε is positive then η is somewhere

between η0 and ηmax.

Another possible transducer mechanism of the geomagnetic field is based on the

elastic deformation of the membrane. The deformation mechanism might arise as

an addition to the gating mechanism or it could be an alternative to it. It is difficult

to specify the precise transducer mechanism because little information is available

on the structure which connects the magnetite clusters with the cell membrane.

Let us discuss the deformation mechanism of the channel opening. Figure 5.8a

shows the non deformed membrane, while Fig. 5.8b and Fig. 5.8c show the possible

membrane deformation caused be either pull (see Fig. 5.8b) or push (see Fig. 5.8c)

of the magnetite cluster on the membrane. Both deformation cases are physically

identical since the work needed to deform the membrane in both cases is equal. The

connections of the magnetite cluster with the membrane are shown schematically

with the springs. Note that the ion channel, the membrane and the magnetite

cluster in Fig. 5.8 are drawn approximately to the correct scale, while the ions are

shown schematically. The non-deformed membrane corresponds to the case of low

magnetic field acting on the magnetite cluster (see Fig. 5.8a), while an increase in

the magnetic field strength creates a stress situation (see Fig. 5.8b and Fig. 5.8c).

With f being the force difference and γ being the membrane surface tension

coefficient the deformation criteria is given by

f∆x = γ∆S, (5.11)

where ∆x is the displacement of the cluster and ∆S is the change in the membrane

surface area. Assuming that the membrane deformation has a spherical profile

with the same radius as the magnetite cluster one can introduce two deformation
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Figure 5.7: Change of the mechanosensitive ion channel opening probability calcu-
lated as the function of the intrinsic energy between the open and the closed states of
the channel. Thick line corresponds to the gating-spring transducer mechanism and
thin line corresponds to the mechanism based on the elastic deformation of the mem-
brane (thin line). The change of channel opening probability for the gating-spring
transducer mechanism and for the mechanism based on the elastic deformation of
the membrane were calculated using Eq. (5.8) and Eq. (5.20) respectively.

increments: ∆x and ∆y, which describe the deformation region (see Fig. 5.8b-c

and 5.4). The assumption on the deformation radius of the membrane is correct

in the vicinity of the point where the force is applied [228]. This is a well known

fact from mathematical physics of elastic membrane deformation [228]. From simple

geometrical considerations (see Fig. 5.4) it follows that:

∆y =
√

2R0∆x−∆x2, (5.12)

where R0 is the radius of the magnetite cluster and ∆y is the radius of the defor-
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Figure 5.8: Schematic illustration of the transducer mechanism of the geomagnetic
field based on the elastic deformation of the membrane. The external magnetic
field causes the change in the pressure which the magnetite cluster puts on the cell
membrane, causing its deformation. The non-deformed membrane corresponding to
the case of low magnetic field is shown in part (a) of the figure. The increase of
the magnetic field creates a stress situation leading to the membrane deformation
caused be either push (b) or pull (c) of the magnetite cluster on the membrane. The
magnetite cluster is shown schematically atop the membrane. The connections of
the magnetite cluster with the membrane is schematically shown with the springs.
Note that the ion channel, the membrane and the magnetite cluster are drawn
approximately in the correct scale, while the ions are shown schematically.

mation zone (see Fig. 5.8b). The magnetite cluster deforms a certain area of the

membrane. Let S0 and S1 be this area in the normal and stress cases respectively

(see Fig. 5.4):
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S0 = π∆y2 (5.13)

S1 = R2
0

∫ ϑcr

0

sin ϑ

∫ 2π

0

dϑdϕ = 2πR2
0 [1− cos ϑcr] , (5.14)

where ϑcr is defined in Fig. 5.4 as

cos ϑcr =
R0 −∆x

R0

=

√
R2

0 −∆y2

R0

. (5.15)

Figure 5.9: Schematic illustration of the membrane deformation caused by the ex-
ternal magnetic field. ∆x and ∆y are the deformation increments describing the
membrane deformation. R0 is the radius of the deformation, S0 and S1 are the areas
of the membrane deformation region corresponding to the non-deformed (relaxed)
and stress (deformed) cases respectively.

Substituting (5.15) into (5.14) one obtains the final expression for S1. The change

of membrane area of the deformation is then given by

∆S = S1 − S0 = (2πR0∆x)− (2πR0∆x− π∆x2) = π∆x2. (5.16)
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Substituting (5.16) in (5.11) one obtains:

∆x =
f

γπ
, (5.17)

with ∆x being the characteristic value of membrane deformation. Finally, substi-

tuting Eq. (5.17) into Eq. (5.16) one obtains:

∆S =
f 2

πγ2
. (5.18)

Note that ∆x and ∆S do not depend on the radius of membrane deformation. The

work, Adef , on membrane deformation is given by:

Adef = γ∆S =
f 2

πγ
. (5.19)

Thus the change in the channel opening probability caused by the membrane defor-

mation is:

ηdef =
p− p̃0

p̃0

· 100% =
exp

(
∆ε
kT

) (
exp

(
f2

πγkT

)
− 1

)

exp
(

f2

πγkT

)
+ exp

(
∆ε
kT

) · 100%. (5.20)

The dependence of the change of channel opening probability caused by the

membrane deformation on ∆ε (thin line) is shown in Fig. 5.7. This curve was

obtained for f = 0.2 pN and γ = 0.01 dyn/cm=10−5 N/m, which is the typical

surface tension coefficient of a membrane [229–237]. The tension of membranes has

been extensively studied during the last decades. For a review, see the Refs. [208,

234–241]. The resting tension of chicken neurons was estimated to be 3 · 10−6 N/m

[235], while in normal molluscan neuron it is 4 · 10−5 N/m [236]. The elastic shear

modulus of a red blood cell was measured to be 6.6 ·10−6 N/m [237]. The differences

in the various tension coefficients published earlier (see e.g. Refs. [229–237]) is

beyond the scope of this thesis though it will be considered in the future. Therefore,

a characteristic value of membrane tension equal to 10−5 N/m is used. The maximal

value of ηdef is ηdef
max = 36%, being 1.7 times greater than in the case of the gate-

spring mechanism discussed above. If ∆ε = 0 then ηdef
0 = 15%. Since ∆ε is expected

to be positive then 15% < ηdef < 36%.

It has been demonstrated that in both of the considered transducer mechanisms

the forces which the magnetite cluster exerts on the membrane are sufficient to

influence the probability of the mechanosensitive ion channel opening. From the
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performed analysis it follows that the change of magnetic force caused by a 90◦

change of the external geomagnetic field produces a change in the channel opening

probability in the range of 15%-30%.

Semm and Beason [49] have suggested that the bird’s magnetoreceptor system

can respond to a 1% change of the normal geomagnetic field. The change of the

geomagnetic field of 0.01 G changes the forces acting on the magnetite cluster by

approximately 0.004 pN. This leads to the change of channel opening probability on

the order of 0.5 %.

Another important feature of the suggested magnetoreception mechanism that

is worth noting, is the so-called safety-principle. Experiments of Fleissner et

al. [58–61,125] show that the dendrite contains about 10-15 magnetoreceptor units,

which have a similar behavior in an external magnetic field. When the dendrite is

subject to the external field, the repetition of the magnetoreceptor units increases

the functional safety of the whole dendrite magnetoreception process.

5.5 Interaction of Dipoles of Finite Size

In this section the size of the iron minerals is taken into consideration in order to

account more precisely for the interaction of the magnetite cluster with the chain

of maghemite platelets. The aim of this discussion is to strengthen the suggested

magnetoreception mechanism which has been shown to be feasible in the model case

of interacting point-like dipoles.

5.5.1 Potential Energy Surface of the Magnetite Cluster

The potential energy surface of the magnetite cluster is shown in Fig. 5.10 as a

function of coordinates x and y, while z=0 µm (see Fig. 2.14). The surfaces shown

in plots (a), (b) and (c) in Fig. 5.10 were calculated for the external magnetic field

vector oriented along the x-, y- and z-axes respectively. Similarly to Fig. 5.1 –

due to the finite size of the magnetite cluster, the excluded region on the potential

energy surfaces in Fig. 5.10 is shown with the gray rectangle in the center of the

potential energy surfaces. The maghemite platelets are shown in Fig. 5.10 with

black rectangles.

The potential energy surfaces shown in Fig. 5.10 were calculated with the use

of Eq. (3.124) (see subsection 3.2.5 for details) and are topologically close to the
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Figure 5.10: Potential energy surfaces of the magnetite cluster calculated in the
case when the integration over the volume of the maghemite platelets and of the
magnetite cluster is performed (see subsection 3.2.5). The potential energy of the
magnetite cluster is plotted as a function of x- and y-coordinates of the magnetite
cluster, while z=0 µm (see Fig. 2.14). The energy is calculated at different orien-
tations of the external magnetic field vector. Plots (a), (b) and (c) correspond to
the alignment of the external magnetic field along the x-, y- and z-axes respectively.
The maghemite platelets are shown with black rectangles. The gray rectangle in
the center of the potential energy surfaces shows the region, where the magnetite
cluster can not be placed, due to its finite size. The energy scale is given in eV.
The equipotential lines are shown for the energies -0.03, -0.06, -0.12, -0.24, -0.48 and
-0.96 eV.
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Figure 5.11: The region of the potential energy surface in the vicinity of the
maghemite platelets chain tip calculated as a function of x- and y-coordinates of
the magnetite cluster, while z=0 µm (see Fig. 2.14). The energy is calculated at
different orientations of the external magnetic field vector. Plots (a), (b) and (c)
correspond to the alignment of the external magnetic field along the x-, y- and z-
axes respectively. The figure shows the small differences in energy, arising due to a
90◦ change of the direction of the magnetic field.

corresponding potential energy surfaces obtained for the point-like dipoles shown in

Fig. 5.1. The potential energy surfaces shown in Fig. 5.10 have two strong minima

at the tips of the chain of maghemite platelets, which are also found in the point-

like dipole model (see Fig. 5.1). The energies of these minima in Fig. 5.10 are -15.6

eV, being 7.1 eV lower than the corresponding value for the point-like dipoles. The

fact that the minima are found in both models proves that the energetically most

favorable attachment of the magnetite cluster occurs at the tip of the chain.

Another significant difference between the potential energy surface for the point-

like dipoles and dipoles of finite size concerns the valleys at y≈ ±0.7 µm, z=0 µm,

which are found for the point-like dipoles but are absent for the dipoles of finite size

(see Figs. 5.1 and 5.10). The reason why the valleys vanish is a simple one. The

distance between the maghemite platelets is 0.1 µm, while the size of a platelet is 1

µm. The direction of magnetic moments of the platelets do not change much if the

direction of the external magnetic field changes (see discussion in subsection 5.3)

and therefore the chain of platelets behaves like a solid magnetic bar, that attracts

magnetic particles only at its tips.

To stress the differences arising in the potential energy of the magnetite cluster at

three principal orientations of the external magnetic field, Fig. 5.11 shows the region
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of the potential energy surface in the vicinity of the maghemite platelets chain tip

calculated as a function of x- and y-coordinates of the magnetite cluster, while z=0

µm. The surfaces shown in plots (a), (b) and (c) in Fig. 5.11 were calculated for

the external magnetic field vector oriented along the x-, y- and z-axes respectively.

This figure shows that the changes in the potential energy due to a 90◦ change of

the direction of the magnetic field are relatively small, and are on the order of 0.1

eV.

5.5.2 Forces Acting on the Magnetite Cluster

In subsection 5.3, it was shown that an important characteristic that determines the

feasibility of the magnetoreception mechanism, is the difference between the forces

acting on the magnetite cluster at different orientations of the external magnetic

field vector. The force differences calculated for the dipoles of finite size are shown

in Fig. 5.12. The plots in the left part of Fig. 5.12 show the differences between the

force components arising due to the x → z change of the direction of the external

magnetic field vector, while plots in the right part of the figure show the differences

between force components arising due to the x → y change. Plots (a), (b) and (c)

in Fig. 5.12 show the differences arising in the x-, y- and z-components of the force

vector as a function of the x-coordinate of the magnetite cluster. The x-dependence

of the magnitude of the force difference vector is shown in plots (d) in Fig. 5.12.

In the case of dipoles of finite size, the characteristic change in force caused by the

external field of 0.5 G is 0.05-0.1 pN (see plots (d) in Fig. 5.12), which is about two

to three times lower then the value obtained for the case of point-like dipoles (see

Fig. 5.4).

Thus, substituting ∆F = 0.1 pN in Eq. (5.8) and Eq. (5.20), one obtains the

change in the channel opening probability in the gating-spring transducer mecha-

nism, η, and in the mechanism based on the elastic deformation of the membrane,

ηdef . Thus, η0 = 5%, ηmax = 10% and ηdef
0 = 4%, ηdef

max = 8%. Note that the values

of ηdef are smaller than the values of η. This happens because the work performed

in the gating-spring transducer mechanism is linearly proportional to the force (see

Eq. (5.6)), while the work performed on the membrane deformation is proportional

to its second power (see Eq. (5.19)). Therefore the channel opening probability in

the mechanism based on the elastic deformation of the membrane decreases faster

with decrease of the applied force.
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Figure 5.12: Difference in forces acting on the magnetite cluster at different ori-
entations of the external magnetic field vector calculated in the case when the in-
tegration over the volume of the maghemite platelets and of the magnetite cluster
is performed. Plots in the left part of the figure show the difference between the
force components arising due to the x → z change of the direction of the external
magnetic field vector, while plots in the right part of the figure show the differences
between force components arising due to the x → y change. Plots (a), (b) and (c)
show the differences arising in the x-, y- and z-components of the force vector as
a function of the x-coordinate of the magnetite cluster. The x-dependence of the
magnitude of the force difference vector is shown in plots (d) of the figure. The y-
and z-coordinates of the magnetite cluster are 0.8 µm and 0 µm respectively.

Fig. 5.12 shows that away from the tips of the maghemite chain the force differ-

ences are significantly smaller then the force differences at its tips (see plots (d) in

Fig. 5.12). Note that this is different from the case of point-like dipoles, where the

force differences were of about the same order of magnitude along the whole chain of
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maghemite platelets (see plots (d) in Fig. 5.4). This happens because in the case of

dipoles of finite size there are no valleys on the potential energy surface at y≈ ±0.7

µm, z = 0 µm, which are present for the point-like dipoles, causing additional forces

on the magnetite cluster in this region.

5.6 Magnetic Window of the Iron-Mineral-Based

Magnetoreception Mechanism

The behavior studies of avian magnetoreception reveal that birds become disoriented

outside a fairly narrow functional window around the local geomagnetic field. It has

been demonstrated [15, 75] that the birds become disoriented when the intensity

of the local geomagnetic field is reduced or increased by more than 25 %. The

functional window of the magnetic compass is presently not fixed, however, it could

be adjusted to intensities outside the normal functional range by exposing the birds

to these intensities [126].

With Eq. (5.7) it is possible to establish the magnetic field intensities at which

the operation of the iron-mineral-based magnetoreceptor mechanism is possible. If

the force transmitted to the gate of the mechanosensitive ion channel is sufficiently

large, then the channel will always be open and no magnetic field effect could be

observed. The magnetic field intensity at which the ion channel opening probability

reaches 100 per cent (or is close to 100 per cent) defines the magnetic window of

operation of the iron-mineral-based magnetoreceptor.

In order to determine the magnetic field strength at which the magnetoreception

process is violated, the probability of mechanosensitive ion channel opening, p, is

plotted as a function of the force applied to the gate, f , calculated using Eq. (5.7)

for different values of the intrinsic energy between the open and the closed states of

the channel, Fig. 5.13. The solid thick line was obtained for ∆ε = 0 kT, while the

solid thin line, the dotted and dashed lines correspond to the values of ∆ε = 1 kT,

∆ε = 2 kT and ∆ε = 3 kT respectively.

The fact that birds becomes disoriented at higher magnetic field strengths might

be connected to the probability of the opening of mechanosensitive ion channels in

the nerve cell membrane. Indeed, in higher magnetic fields, the forces transmitted to

the gates become higher and the probability for the ion channels to be open increases.

This fact is clearly illustrated in Fig. 5.13. If the intrinsic energy between the open

and the closed states of the channel is zero (∆ε = 0) then in the geomagnetic field
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Figure 5.13: Probability of mechanosensitive ion channel opening, p, as a function of
the force applied to the gate, f , calculated using Eq. (5.7) for different values of the
intrinsic energy between the open and the closed states of the channel: ∆ε = 0 kT
(solid thick line); ∆ε = 1 kT (solid thin line); ∆ε = 2 kT (dotted line); ∆ε = 3 kT
(dashed line). T = 300 K. The forces corresponding to the magnetic field strengths
of 0.5, 1.0, 5.0 and 10.0 G are indicated with vertical lines.

(0.5 G) 55 % of all ion channels are open. A twicefold increase of the intensity of

the magnetic field (1 G) changes the probability of the ion channels to be open to

60 % (see Fig. 5.13).

The 1 G magnetic field is of particular interest because recent behavior studies

[126] demonstrate that the flight orientation of European robins during the autumn

migrational season can be significantly violated if the birds are put in magnetic fields
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of 92000 nT = 0.92 G. However, the same studies also showed that birds were able

to orient in the correct direction after an hour’s pre-exposure in this higher magnetic

intensity. The fact that the birds were still able to orient in the increased magnetic

field is in qualitative agreement with the present observations. The probability of

60 % for the ion channels to be open is significantly smaller than 100 % when no

magnetic field effect is possible. On the other hand, it is higher than the probability

of 55 % which corresponds to the normal operation of the magnetoreceptor system.

Therefore, if the birds are placed in an increased magnetic field, they first require

some time (e.g. 1 hour) to reconfigure their magnetoreceptor system in the new

environment. After this reconfiguration time, the birds are able to orient in the

increased magnetic field.

If the fact that birds can become disoriented in magnetic fields higher than the

earth’s magnetic field is connected with the iron-mineral-based magnetoreceptor,

then the birds should lose their ability to orient if the magnetic field is sufficiently

large. Calculations show that if ∆ε = 0, then in a magnetic field of 5 G, 93 %

of the mechanosensitive channels are open, which is very close to the saturation

limit of 100 %. At 10 G, the opening probability reaches the value of 98 % (see

Fig. 5.13). Thus the field strengths at which the iron-mineral based mechanism

should stop its functioning is of the order of 5-10 G. These magnetic intensities are

the limiting magnetic field strengths (defining the magnetic window) at which the

magnetoreception is possible.

Note that in the analysis ∆ε = 0, but in general this might not be the case.

The different values of ∆ε will influence the functional window of the magnetore-

ception mechanism as follows from Fig. 5.13. The value of ∆ε can be determined

if the limiting magnetic field strength is known. Experimentalists should perform

systematic behavior experiments, similar to [126] at magnetic field intensities rang-

ing from several Gauss up to tenth Gauss in order verify the suggested theoretical

predictions.

5.7 The Polarity Compass

It has been experimentally demonstrated [2, 3] that at normal conditions (i.e. ge-

omagnetic field, blue-green light illumination, normal light intensity) birds use the

inclination compass to orient.

When the vertical component of the magnetic field is inverted, it has been shown
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that birds whose original heading had been North, now prefer South [2, 16, 74–76].

Reversing the horizontal component and inverting the vertical component both alter

the axial course of the field lines in the same way; an animal not perceiving the

polarity of the magnetic field will not realize any difference. Hence birds reverse

their headings in both situations alike (see Fig. 2.4). The experiment which showed

the inclination compass in birds were first done by Wiltschko et al., and are described

in greater detail in section 2.2.

However exposing a bird to a different condition (i.e. illuminating it with red-

light) can drastically change the properties of the compass. For example, a pre-

exposure to red light for 1 hr immediately before the critical tests under red light

of 6-7×1015 quanta·s−1·m−2 enabled European robins to orient in their seasonally

appropriate migratory direction in spring as well as in autumn [107] with a polarity

compass.

In the previous chapter, it has demonstrated that the radical-pair mechanism

in cryptochrome provides the birds with an inclination compass, because the cryp-

tochrome activation yield exhibits characteristic variations with respect to the ori-

entation of the external magnetic field. On the contrary, the iron-mineral-based

magnetoreceptor provides the animals with a polarity compass. To illustrate this

fact Fig. 5.14 shows the forces acting on the magnetite cluster in the magnetorecep-

tor unit with ten platelets, introduced in Fig. 2.14. The forces were calculated as a

function of angles Θ and Φ which describe the orientation of the external magnetic

field. The field strength used in the calculation was 0.5 G.

Figure 5.14 shows that at (Θ = 90◦,Φ = 21◦) the force acting on the magnetite

cluster is minimal, while at (Θ = 90◦,Φ = -154◦) it is maximal. The force difference

between the maximum and the minimum is 0.44 pN. Figure 5.14 shows that the

force acting on the magnetite cluster is symmetric with respect to Θ = 90◦, and

thus it satisfies the following symmetry property:

f(Θ, Φ) = f(π −Θ, Φ). (5.21)

This condition, Eq. (5.21), is a mathematical formulation of the polarity compass,

which describes the inversion of the vertical component of the magnetic field. Indeed,

the polarity compass should not be influenced when only the vertical component of

the magnetic field is inverted (see Fig. 2.4a, top left plot and Fig. 2.4a, bottom right

plot).
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Figure 5.14: Forces acting on the magnetite cluster in magnetoreceptor unit intro-
duced in Fig. 2.14 in the geomagnetic field of 0.5 G calculated as a function of angles
Θ and Φ, describing the orientation of the external magnetic field (see Fig. 2.14).
The forces are counted from the minimal value at (Θ = 90◦, Φ = 21◦) and are given
in pN. In the calculation the magnetite cluster is located at x=0.3 µm, y=0.8 µm,
z=0 µm, being its favorable attachment position (see Fig. 5.4). The figure shows
that the force-profile satisfies the polarity compass condition Eq. (5.21), and does
not satisfy the inclination compass condition Eq. (5.22). To illustrate this fact two
pairs of points which should transform into each other according to Eq. (5.22) are
indicated in the contour plot.

The symmetry relation Eq. (5.21) is schematically illustrated in Fig. 5.15, where

a part of the magnetoreceptor unit, Fig. 2.14, is shown. The coordinate frame is

also indicated in the figure. Since in the coordinate frame considered, the magnetite

cluster moves in the (xy)-plane, then this plane is the plane of symmetry for the

whole structure. Thus, mirroring of the external magnetic field vector with respect

to the (xy)-plane has no influence on the force acting on the magnetite cluster.
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Figure 5.15: Schematic illustration of magnetoreceptor unit symmetry with respect
to the inversion of the vertical component of the magnetic field. Since in the co-
ordinate frame considered the magnetite cluster moves in the (xy)-plane, then this
plane is the plane of symmetry for the magnetoreceptor unit. Thus, mirroring of the
external magnetic field vector ( ~B → ~B

′
) in respect to this plane has no influence on

forces which act on the magnetite cluster. The symmetry condition is mathemati-
cally described by Eq. (5.21), and corresponds to the polarity compass, introduced
in section 2.2.

An inclination compass in the iron-mineral-based magnetoreceptor is only pos-

sible if the system satisfies the following symmetry condition:

f(Θ, Φ) =

{
f(π −Θ,−π + Φ), Φ ≥ 0
f(π −Θ, π + Φ), Φ < 0

. (5.22)

This condition is similar to the condition of the inclination compass introduced in

Eq. (4.6), in section 4.5. Figure 5.14 shows that the forces acting on the magnetite

cluster do not satisfy the symmetry relation, Eq. (5.22). To illustrate this fact,
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two pairs of points on the contour plot in Fig. 5.14 are marked. If the system is

an inclination compass, the forces at the sites of the points with the same labeling

should be identical, but they are obviously not.

Figure 5.16: Forces acting on the magnetite cluster in a magnetoreceptor system
consisting of ten platelet calculated as a function of angles Θ and Φ in the geomag-
netic field of 0.5 G. In this calculation the magnetite cluster is located at (a) x=0.3
µm, y=0.8 µm, z=0 µm and (b) x=10.6 µm, y=0.8 µm, z=0 µm, corresponding to
its two favorable attachment positions at the tips of the chain (see Fig. 5.4). The
localization of the magnetite cluster is schematically shown atop the corresponding
plot. The magnetic moments of the particles are shown to stress the difference be-
tween the two systems. For illustrative purpose only four platelets are shown, while
ten platelets were used in the calculation. The forces are counted from the minimal
value and are given in pN.

The favorable attachment position of the magnetite cluster is at the tips of the

maghemite platelets chain, as follows from Fig. 5.4. However the ”beginning” and

the ”ending” of the chain are not equivalent because the relative orientation of

the magnetic moments of the maghemite platelets and of the magnetite cluster are

different. This fact is illustrated in Fig. 5.16, where the localization of the magnetite

cluster and the maghemite platelets are shown and their magnetic moments are



5.8 Magnetoreceptor Unit with Different Number of Platelets 127

indicated. Figure 5.16a shows the magnetite cluster located at the beginning of

the chain, while Fig. 5.16b shows the magnetite cluster at the end of the chain.

The dependance of forces acting on the magnetite cluster on angles Θ and Φ in the

geomagnetic field of 0.5 G is shown below the corresponding image.

The position of the magnetite cluster at the beginning and the end of the chain

are characterized by its x-coordinate, and are 0.3 µm and 10.6 µm respectively.

Figure 5.16a shows that if the magnetite cluster is found at the beginning of chain,

then the dependence of force on angles Θ and Φ has a prominent minimum and

maximum at (Θ = 90◦, Φ = 23.6◦) and (Θ = 90◦, Φ = −156.7◦) respectively, while

Fig. 5.16b shows that if the magnetite cluster is found at the end of the chain the

minimum and maximum are shifted towards (Θ = 90◦, Φ = 156.4◦) and (Θ = 90◦,

Φ = −23.3◦) respectively. This fact is important because the probability of opening

of ion channels in the membrane is directly related to the forces which act on the

magnetite cluster (see discussion in section 5.4). It is natural to expect that in a

dendrite, there should be magnetoreceptor units with magnetite cluster at both the

beginning and the end of the chain. This however should be clarified experimentally.

Note that both dependencies of forces shown in Fig. 5.16 satisfy the polarity compass

condition Eq. (5.21).

The fact that birds acquire a polarity compass in red light leads to the hypothe-

sis that the magnetoreceptor system functions differently than under the blue-light

illumination. If the magnetic sense in birds involves two magnetoreceptors (cryp-

tochromes in the eye and iron-mineral-receptor in the beak), then the cryptochtome-

based receptor will be disabled in the red light because the protein will not be excited

(see discussion in chapter 4) and only the iron-mineral-based magnetoreceptor re-

mains. This fact is in a good agreement with the results presented.

5.8 Magnetoreceptor Unit with Different Num-

ber of Platelets

Every dendrite has about 10-15 magnetoreceptor units, as suggested by experimen-

tal observations [60] which act in a similar manner in the external magnetic field.

However, it is still not clear if all units are identical, or if they are composed of

different number of platelets. It is also important to understand how the magne-

toreceptor units are distributed around the vesicle (see Fig. 2.12): symmetrically or

not. Several possible distributions are shown in Fig. 5.17. Figure 5.17a illustrates an
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Figure 5.17: Possible localization of iron minerals within a dendrite (see Fig. 2.12).
(a) chains of maghemite platelets of different length are distributed almost sym-
metrically around the vesicle; (b) the majority of magnetoreceptor units of different
length are located to one side from the vesicle; (c) all magnetoreceptor units have
the same number of platelets. The magnetite cluster, the maghemite platelets and
the vesicle are indicated in the figure.

almost symmetrical distribution of magnetoreceptor units of different length around

the vesicle (i.e. the number of magnetoreceptor units to the left and to the right

from the vesicle is close). Figure 5.17b shows an asymmetric distribution of platelets

of different length (note, that some magnetoreceptor units have one platelets, some

have two, etc). The case when all magnetoreceptor units have the same number of

platelets is shown in Figure 5.17c. Figure 5.17 is an illustration of possible distribu-

tions of iron-mineral particles in the dendrite. The distribution of the iron-mineral

based magnetoreceptors should be considered experimentally, and the spatial lo-

cation of the maghemite platelets should be measured. Such an investigation is

important because the number of platelets in the magnetoreception unit determines

the forces which act on the magnetite cluster.

The forces acting on the magnetite cluster in a magnetoreceptor unit consisting

of one, two, three and ten platelets calculated as a function of angles Θ and Φ

are shown in Fig. 5.18a-d respectively. In this calculation, the field strength was

assumed to be 0.5 G. Figure 5.18a shows that the forces acting on the magnetite

cluster in a magnetoreceptor unit with one platelet are significantly different from

other cases. The differences can be understood if one considers the direction of the
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Figure 5.18: Forces acting on the magnetite cluster in the geomagnetic field of 0.5
G calculated as a function of angles Θ and Φ, describing the orientation of the
external magnetic field (see Fig. 2.14). The forces were calculated for a magnetore-
ceptor system, containing one maghemite platelet (a), two maghemite platelets (b),
three maghemite platelets (c) and ten maghemite platelets (d). The position of the
maghemite cluster is x=0.3 µm, y=0.8 µm, z=0 µm. The forces are counted from
the minimal value and are given in pN.

magnetic moments of the platelets at different orientations of the external magnetic

field (see Fig. 5.19).

In the magnetoreceptor system with one platelet (see Fig. 5.19a), the magnetic

moment of the platelet will be governed by the (xz)-projection of the external mag-

netic field. This happens because the platelet can rotate in the (xz)-plane of the

considered coordinate frame in order to minimize its energy – which is, to a large
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Figure 5.19: Magnetoreceptor system consisting of one platelet (a) and two platelets
(b) at different orientations of the external magnetic field. In the model considered
the platelets can rotate in the (xz)-plane depending on the orientation of the external
magnetic field (see discussion in section 2.4.2). If the magnetoreceptor system has
one platelet then its magnetic moment will align along the external field (see (a)).
If the magnetoreceptor unit has two or more platelets then due to the interaction
between them the external magnetic field of 0.5 G has minor effect on the direction
of the magnetic moments of the platelets (see (b)).

extent, determined by the external magnetic field. Figure 5.19a illustrates this fact.

If the magnetoreceptor unit consists of two or more platelets (see Fig. 5.19b) then

the energy of each platelet is determined by the external magnetic field and by the

interaction between the platelets. Calculations show that the interaction energy of a

platelet with geomagnetic field is about ten times smaller than with other platelets.

Therefore an external magnetic field of 0.5 G has minor effect on the direction of

the magnetic moments of the platelets. Figure 5.19b shows that a 30◦ change of
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the direction of the magnetic field results in a 2-4◦ tilt of the platelet. A similar

behavior is expected for the system with three, four, etc platelets. This fact leads

to significant modification of forces acting on the cluster (see Fig. 5.18b-d).

Figure 5.20: Forces acting on the magnetite cluster in a magnetoreceptor system
consisting of one platelet calculated as a function of angles Θ and Φ in the geomag-
netic field of 0.5 G. In this calculation the magnetite cluster is located at x=-0.6 µm,
y=0.0 µm, z=0 µm (a) and x=0.5 µm, y=0.8 µm, z=0 µm (b), corresponding to the
two possible symmetrical arrangement of the magnetic moments of the maghemite
platelet and of the magnetite cluster which are schematically shown atop of the
corresponding plot. The forces are counted from the minimal value and are given
in pN. Two pairs of points illustrating that the force pattern obey the inclination
compass condition Eq. (5.22) are indicated.

Figure 5.18b-d show the dependence of forces acting on the magnetite cluster

in a magnetoreceptor unit consisting of two, three and ten platelets calculated as a

function of angles Θ and Φ. The comparison of these dependencies shows that the

forces acting on the magnetite cluster in a magnetoreceptor unit (with two, three

or ten platelets) are almost identical. This fact has a simple explanation. In the

calculation the magnetite cluster was assumed to be located at x=0.3 µm, y=0.8

µm, z=0 µm, corresponding to its favorable attachment position (see Fig. 5.4). Thus

the distance from the center of the cluster to the center of the first two platelets are
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0.82 µm and 1.53 µm respectively, while the distance to the third platelet is 2.53

µm. Since the energy of the platelet-cluster interaction decreases as 1/R3, where

R is the distance between the platelet and the cluster, then in the weak magnetic

field (0.5 G) the interaction between the magnetite cluster and the third platelet

becomes negligible. The interaction with other platelets is even smaller.

Beside the difference in forces which act on the magnetite cluster in a mag-

netoreceptor unit with one platelet it is important to note that the force-pattern

shown in Fig. 5.19a almost satisfies the inclination compass condition described by

Eq. (5.22) in contrast to the force patterns shown in Fig. 5.19b-d. The two maxima

in Fig. 5.19a are slightly asymmetric in respect to the point (Θ = 90◦, Φ = 0◦) and

therefore the inclination compass condition Eq. (5.22) is violated. This happens be-

cause the magnetite cluster in Fig. 5.19a has the coordinates x=0.3 µm, y=0.8 µm,

z=0 µm and thus the points on the surface Fig. 5.19a with coordinates (Θ = 90◦,

Φ) and (Θ = 90◦, −π + Φ) are not equivalent.

The inclination compass condition Eq. (5.22) is satisfied in a one-platelet magne-

toreceptor unit if the maghemite platelet and the magnetite cluster are arranged one

after another or are located side by side, so that the angle between the radius vector

connecting them and their magnetic moments is either 0◦ or 90◦. The arrangement

of magnetic moments, corresponding to these two cases, and the dependence of the

interaction force on angles Θ and Φ is schematically shown in Figs. 5.20a and 5.20b

respectively. In order to stress that, the force dependencies in Figs. 5.20a and 5.20b

obey the inclination compass condition Eq. (5.22) two pairs of points which are

transformed into each other according to this condition are indicated.

Note however, that when the cluster and the platelet are aligned one after another

then the change of forces caused by a 90◦ change of the direction of the magnetic

field is almost an order of magnitude larger than in the case of a ten-platelet mag-

netoreceptor unit (see Fig 5.14 and Fig. 5.20a). This happens because in the case of

a single-platelet magnetoreceptor unit, the direction of the magnetic moment of the

platelet is determined mainly by the external magnetic field, and thus it can rotate

freely and align in a way that the interaction between the maghemite platelet and

the magnetite cluster is at its strongest. If several platelets are aligned one after

another then the interaction between the platelets is much stronger than the inter-

action with the external magnetic field and the direction of the magnetic moments

is almost fixed (see discussion above). Thus, the change in the force acting on the

magnetite cluster caused by a 90◦ change will be mainly determined by the direc-
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tion of the magnetic moment of the magnetite cluster, resulting in a much weaker

interaction.

Figure 5.21: Magnetoreceptor system consisting of one platelet (a) and two platelets
(b) at different orientations of the external magnetic field. Here the platelets are
fixed and can not rotate. Their magnetic moments are assumed to be aligned along
the x-axis of the chosen coordinate frame. Thus, the external magnetic field influ-
ences only the direction of the magnetic moment of the magnetite cluster, which is
also indicated.

The finding that a one-platelet magnetoreceptor unit provides an inclination

compass leads to the conclusion that probably, not all magnetoreceptor units in the

beak are identical and have the form introduced in Fig. 2.14. It might be that some

of the units contain 5-10 platelets, as discussed, but some have only a single platelet,

providing the bird with an inclination compass. This fact is very important because

it might explain why birds have the inclination compass and should be considered

experimentally in the nearest future.

Another important observation is that, since in a one-platelet magnetoreceptor
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the forces acting on the magnetite cluster are an order of magnitude higher than in a

ten-platelet magnetoreceptor unit. Thus a one-platelet magnetoreceptor system can

respond to small variations of the external magnetic field (i.e. 1 or several per cent)

in a much more efficient way than a ten-platelet magnetoreceptor unit does and can

therefore be responsible for birds disorientation at magnetic anomalies [82,242,243].

Figure 5.22: Forces acting on the magnetite cluster in the geomagnetic field of 0.5 G
calculated as a function of angles Θ and Φ. The forces were calculated for a magne-
toreceptor system, containing one maghemite platelet (a), two maghemite platelets
(b), three maghemite platelets (c) and ten maghemite platelets (d), assuming that
the platelets are fixed in space and could not rotate. The magnetite cluster is lo-
cated at x=0.3 µm, y=0.8 µm, z=0 µm. The forces are counted from the minimal
value and are given in pN.
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The inclination compass in the iron-mineral-based magnetoreceptor is only pos-

sible if the platelets can rotate, which is a reasonable assumption as discussed in

section 2.4.2, but which still needs experimental proof. If the platelets are fixed then

the external magnetic field influences only the magnetic moment of the magnetite

cluster. The magnetoreceptor system consisting of one platelet and two platelets

at different orientations of the external magnetic field are shown in Figs. 5.21a-b

respectively. In both cases the change of force acting on the magnetite cluster arises

due to the different orientations of the magnetic moment of the cluster. The forces

acting on the magnetite cluster in a magnetoreceptor unit consisting of one, two,

three and ten platelets calculated as a function of angles Θ and Φ are shown in

Fig. 5.22a-d respectively. In this calculation the field strength is 0.5 G.

Figure 5.22 shows that for magnetoreceptor units with one, two, three and ten

platelets the dependencies of force on angles Θ and Φ are very close to each other

with minor differences which are on the order of interpolation error of the con-

tour plots. This happens because the magnetite cluster, located at the tip of the

maghemite platelets chain, interacts effectively only with several platelets, since the

energy of the platelet-cluster interaction decreases as the third power of distance

between the platelet and the cluster.

Figure 5.22 clearly demonstrates that if the platelets are fixed then the inclination

compass in a one-platelet magnetoreceptor system becomes a polarity one. This

follows from Fig. 5.22a which satisfies the symmetry condition Eq. (5.21), describing

the polarity compass.

5.9 Magnetoreceptor Unit in Higher Magnetic Fi-

elds

The force, acting on the magnetite cluster significantly changes with increase in

the intensity of the magnetic field. Figure 5.23a-d shows the forces acting on the

magnetite cluster in magnetoreceptor unit consisting of one, two, three and ten

platelets respectively in the magnetic field of 10 G, calculated as a function of

angles Θ and Φ. The dependence of force shown in Fig. 5.23a is similar to the

dependence shown in Fig. 5.18a, which describes the interaction of a magnetite

cluster and a maghemite platelet in a one-platelet magnetoreceptor system. The

principal difference between these two plots is in the magnitude of force which acts

on the cluster: the changes in force arising in the geomagnetic field of 0.5 G are on
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Figure 5.23: Increasing the intensity of the magnetic field significantly changes the
forces acting on the magnetite cluster. The figure shows the forces acting on the
magnetite cluster in the magnetic field of 10 G calculated as a function of angles
Θ and Φ. The forces were calculated for a magnetoreceptor system, containing
one platelet (a), two platelets (b), three maghemite (c) and ten platelets (d). The
position of the maghemite cluster is x=0.3 µm, y=0.8 µm, z=0 µm. The forces are
counted from the minimal value and are given in pN.

the order of 0.4 pN, while in a 10 G field it is 9 pN. However, the general trend of

the force on angles Θ and Φ in both cases are similar.

The dependencies of forces shown in Fig. 5.23b-d differ strongly from the cor-

responding plots presented in Fig. 5.18b-d. Figures 5.23b-d show that at higher

magnetic fields the magnetoreceptor units with two and more platelets posses a
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pronounced irregularity at Φ ∼ −120◦... − 60◦. The nature of this irregularity can

be understood if one considers the direction of magnetic moments of the platelets.

Figure 5.24 illustrates the spatial orientation of magnetic moments in the magne-

toreceptor system at three different orientations of the external magnetic field.

Figure 5.24: Magnetoreception system consisting of three particles at different orien-
tation of the external magnetic field of 10 G. (a) External magnetic field is directed
along the x-axis of the considered coordinate frame; (b) External magnetic field is
directed along the z-axis; (c) External magnetic field is directed in the direction
opposite to the direction of the x-axis.

If the external magnetic field is directed along the x-axis of the considered co-

ordinate frame (see Fig. 5.24a), or is close to it, then the magnetic moments of the

maghemite platelets are aligned preferably along the x-axis. A 90◦ change in the di-

rection of the magnetic field, corresponding to the alignment along the z-axis of the

coordinate frame, leads to a significant reorientation of the platelets (see Fig. 5.24b).

In this case, the first and the third platelet are tilted on 46◦ while the second platelet

is tilted on 24◦. Finally, if the external magnetic field is directed in the direction

opposite to the direction of the x-axis then the platelets make a 180◦ turn and their

magnetic moments point in the direction opposite to the direction of the x-axis (see

Fig. 5.24c). This fact explains the peculiarity in Fig. 5.23b-d. Indeed, in the weak

magnetic field (e.g. 0.5 G) the magnetic moments of the platelets can not be re-

versed, because of the strong interplatelet interaction. Thus in the weak magnetic

field the platelets are always preferably directed along the x-axis. In the magnetic

field of 10 G, the interplatelet interaction becomes weaker than the interaction with

external magnetic field and therefore the magnetic moments of the platelets can be

reversed.

The critical magnetic field at which the magnetic moments can be reversed can
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be easily estimated. Assume a two platelet system, each having a magnetic moment

~m directed along the x-axis, and let the distance between them to be ~r0, then the

field created by one platelet at the site of a nearby platelet reads as

~H =
3~r0(~m~r0)− ~mr2

0

r5
0

=
2~m

r3
0

. (5.23)

with m ≈ 3.121 eV/G (see estimates in the section 5.2) and r0 ≈ 1.1 µm, one

obtains | ~H| ≈ 7.5 Oe, corresponding to the magnetic induction of 7.5 G. This

estimate shows that if the projection of the external magnetic field on the x-axis is

negative and greater than 7.5 G in magnitude the maghemite platelets can turn and

align their magnetic moments with respect to the field lines (see Fig. 5.24c). Thus,

the irregularity regions in Fig. 5.23b-d corresponds to the angles when the projection

of the external magnetic field is greater than the field created by the platelets.

Note that if a magnetoreceptor unit has more than two platelets, the critical field

should become larger than 7.5 G, because the magnetic field created at a site of a

given platelet increases due to the contributions produced by the distant platelets.

This fact reduces the irregularity region in Fig. 5.23b-d with increase in the number

of platelets in the magnetoreceptor system.

It is also worth noting that in strong magnetic field (i.e. 10 G) the magnetite

cluster effectively interacts with a larger number of maghemite platelets than in the

weak magnetic field. Figure 5.23c shows the dependence of the forces acting on the

cluster as a function of angles Θ and Φ calculated for a three-platelet magnetorecep-

tor unit. This plot reproduces the general features of the plot shown in Fig. 5.23d,

corresponding to the ten-platelet system, with some minor differences. This fact

leads to the conclusion that in the field of 10 G, the magnetite cluster effectively

interacts with four-five platelets.

5.10 Role of the Non-Magnetic Vesicle

As discussed in section 2.4.2, dendrites contain maghemite platelets, magnetite clus-

ters and a non-magnetic vesicle. In the previous sections it has been shown that

the maghemite platelets and the magnetite clusters play an important role in the

magnetoreception mechanism. However, the role of the non-magnetic vesicle is still

a matter of discussion since insufficient experimental information is presently avail-

able.
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In the latest experiment by Fleissner et al. [125] it was demonstrated that the

vesicle might be located in the center of the dendrite and is probably covered by

some non-crystalline iron-substance. The diameter of the vesicle was estimated to

be about 3-5 µm [58–60,125].

Since the vesicle is found in the dendrite, it should play a certain role in the

magnetoreception process of birds and therefore two hypotheses which might explain

how the vesicle is involved in this phenomenon are suggested.

The first possible function of the vesicle is the divider-function. Indeed, from the

potential energy surfaces Fig. 5.1 and Fig. 5.10, it follows that the force acting on

the magnetite clusters rapidly increases if the distance between the platelets and the

cluster decreases. Hence, without the non-magnetic vesicle, the magnetite clusters

are free to stick anywhere on the chain of the maghemite platelets – in which case,

no further magnetic field effects will be possible. Therefore, one possible role of the

vesicle might be to prevent the clusters from getting close to the chain of maghemite

platelets. With a size of about 5 µm it keeps the walls of the cell membrane far

apart, acting as a divider and protecting the dendrite from collapse.

In addition to the divider-function, the vesicle might be some sort of iron-

reservoir that provides iron for the maghemite platelets and magnetite cluster for-

mation. This idea is inspired by experimental findings [58–60, 125], showing that

the vesicle seems to be covered with some non-magnetic iron material. However, at

present it is still not clear how the magnetite clusters and the maghemite platelets

emerge in the beak of birds and how the size of the magnetoreceptor unit evolves

with age. It might be the case that dendrites of young birds contain no magnetic

platelets or clusters, and that these might appear at a later age when crystallization

of iron in the vesicle has occurred. To verify this assumption, one has to perform

experiments on birds of different ages and determine how the vesicle, maghemite

platelets and magnetite clusters change/grow with the age of the animal.

5.11 Further Steps for Experimental Verification

This subsection gives an overview of possible experiments which are necessary in

order to check various assumptions of the theory and to make the suggested iron-

mineral based magnetoreceptor mechanism more quantitative. The experiments in

this section are listed in order to show that there are many-more open question in ad-

dition to those discussed in the present thesis and thus, need a careful consideration



140 Iron-Mineral based Magnetoreceptor Model

in the future.

• The spatial localization of iron minerals should be checked in an independent

experiment without disturbing the structure of the dendrite. This should give

an important insight on the structure of the magnetoreceptor system.

• The nature of the magnetic moments of the particles should be clarified and the

magnetization parameters of magnetite and maghemite should be measured.

• It is natural to expect that magnetoreceptor units in the dendrite have different

number of platelets. The distribution function of platelets in the dendrite

is not known but is very important because the number of platelets in the

magnetoreception unit determines the forces acting on the magnetite cluster.

• It might be that some of the magnetoreceptor units contain 5-10 platelets, but

some have only a single platelet providing the bird with an inclination com-

pass. This fact is very important because it might explain why birds have the

inclination compass and thus should be carefully considered by experimental-

ists.

• Another important issue of the magnetoreceptor unit which needs an experi-

mental verification is the position of the magnetite cluster at the beginning of

the maghemite platelet chain or at its end (see Fig. 5.16). The position of the

cluster has an impact on forces which act on it and therefore influences the

probability of opening of the ion channels in the membrane.

• An important question, which is not fully understood, is how the maghemite

platelets are fixed in the dendrite. Are they absolutely fixed, or can they

rotate? If the platelets can rotate, then how? These questions need a further

experimental verifications. So far there have been some arguments [58–60,125]

that the platelets are fixed, however, they are not very convincing. Therefore

the question of platelet fixation should be carefully considered. Additionally

it is very unlikely that the particles are stiffly bound in space and cannot

move. It is much likely that the platelets can rotate around their principal

axis, as assumed in the thesis. However it should be checked whether this is

true or not. Another possibility for the platelet chain is to rotate as a rigid

object. In this way, if it is connected to the membrane, it can also influence

the probability of the opening/closing of the ion channels.
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• The connection of the magnetite cluster to the membrane should also be stud-

ied in a separate experiment, in order to verify the experimental observations

suggested in [58–60,125].

• Test should be performed on birds in magnetic field significantly higher than

the Earth magnetic field, i.e. 5-10 G, in order to determine the magnetic

window, outside of which birds cannot perceive the magnetic field.

• At present it is still not clear how the magnetite clusters and the maghemite

platelets emerge in the beak of birds and how the size of the magnetoreceptor

unit evolves with age. It might be the case that dendrites of young birds

contain no magnetic platelets or clusters, and that these might appear at a

later age when crystallization of iron in the vesicle has occurred. To verify

this assumption, one has to perform experiments on birds of different ages

and determine how the vesicle, maghemite platelets and magnetite clusters

change/grow with the age of the animal.

• The magnetic properties of the vesicle should also be elaborated.
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Chapter 6

Conclusion

This work is devoted to the description of mechanisms that might be responsible

for avian magnetoreception. Two possible theoretical concepts underlying this phe-

nomenon have been formulated and their functioning have been shown to exist in

realistic geomagnetic fields.

It has been suggested that animal magnetoreception is mediated by the blue light

receptor protein, cryptochrome, which was recently found localized in the retinas of

migratory birds [64]. It was shown that such a magnetic field sensing mechanism

can explain many long-observed properties of avian magnetoreception [1–6, 36] and

of a recently-observed magnetic field effect in plants [57].

The active site of cryptochrome binds internally the chromophore flavin ade-

nine dinucleotide (FAD) (see Figs. 2.8 and 4.1). One of the goals of this thesis was

to investigate the possibility that a weak external magnetic field could alter the

photoreduction of the FAD cofactor in cryptochrome via a radical pair mechanism.

In this mechanism the FADH cofactor of cryptochrome and three of the protein’s

tryptophans are involved in a dominant electron transfer pathway. Changes in the

cryptochrome’s FAD reduction activity alter the protein’s ability to autophospho-

rylate [143, 144], this in turn alters the protein’s signaling behavior. The results of

calculations on cryptochrome’s photoreduction pathway demonstrate the possibility

of cryptochrome’s activation to exhibit a dependence on magnetic field strength and

orientation. The results also support the hypothesis that a radical pair mechanism

in cryptochrome is responsible for the magnetic field effects observed in Arabidop-

sis thaliana [57]. Although the extension of the findings to a cryptochrome–based

magnetic sensor in animals involves several factors (see [5, 36] for a review), the

demonstrated results suggest that such a mechanism is clearly possible.
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Unfortunately, lack of sufficient information regarding isotropic and anisotropic

hyperfine coupling in cryptochrome hinders one from drawing conclusions about the

precise magnetic field effects in cryptochrome – limiting the present investigation

to a study of feasibility. When more experimental data regarding the hyperfine

coupling and reaction rate constants in cryptochrome become available, the present

investigation can be extended to a quantitative description.

The second magnetoreception mechanism studied in the present thesis is the

iron-mineral-based magnetoreceptor mechanism. The mechanism is based on the

experimental findings of Fleissner et al. [60, 61], which proved the existence of two

types of magnetic minerals in the beak of birds, namely the maghemite platelets

and magnetite clusters.

It was shown that in an weak external magnetic field (i.e. comparable with the

geomagnetic fields) the magnetite clusters will experience an attractive (repulsive)

force leading to their displacement. This induces a primary receptor potential via

strain-sensitive membrane channels and could lead to a certain orientational effect of

a bird. Note, however that this mechanism is very different from the magnetite-based

magnetoreception mechanism suggested by other authors [40–44, 62] as it involves

two different types of iron-minerals (magnetite and maghemite).

Based on the analysis of forces that act on the magnetite particles, (arising from

the external magnetic field and from the maghemite platelets) it was demonstrated

that the iron-mineral system can be considered as a magnetoreceptor unit with

distinct orientational properties. It was shown as well that – depending on the

orientation of the external magnetic field – the pressure on the cell membrane can

change significantly, leading to different nerve signals. These signals are thought

to be delivered to the brain and to cause a certain orientational behavior of the

bird. Two transducer mechanisms of the geomagnetic field which are based on

opening/closing of mechanosensitive ion channels were suggested and analyzed, and

the probability of the channel opening was investigated.

The iron-mineral-based magnetoreceptor has been analyzed at different external

magnetic field strengths and the magnetic field intensities at which the suggested

mechanism stops functioning were established. These magnetic field intensities de-

termine the magnetic window of the iron-mineral-based magnetoreceptor mech-

anism. The experimental conditions at which the magnetoreception mechanism is

violated have also been outlined and their experimental proof is needed.

Additionally the feasibility of polarity and inclination compass in the sug-
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gested magnetoreceptor system has been analyzed from different points of view. It

was demonstrated that at the conditions which correspond to the experimentally

observed structures the magnetoreceptor system is a polarity compass, but at cer-

tain conditions it can become an inclination compass. This fact was not discussed

elsewhere and is very important because birds use inclination compass for their nav-

igation. Thus, the mentioned observation is solely a theoretical prediction. The

experimentalists should check if the inclination-compass conditions described in the

thesis are possible in the bird’s beak.

The feasibility of the iron-mineral based magnetoreception mechanism has been

demonstrated quantitatively. However, many questions remain open and in need of

further investigation. For example the role of the big non-magnetic vesicle found

in the dendrite is still not clear and needs further experimental investigation. To

answer this question, one should perform experiments on birds of different ages and

determine how the vesicle, maghemite platelets and magnetite clusters change/grow

with the age of an animal. The precise spatial structure of the dendrite is also

an open question. It would be interesting to perform experiments similar to [60,

61] but without disturbing the dendrite (e.g. by computer tomography or X-ray

analysis) in order to confirm the spatial location of the maghemite platelets and the

magnetite clusters precisely. The connection of the magnetite clusters to the

cell membrane should also be studied in a more careful and systematic

way. Another problem concerns the influence of oscillating magnetic (and electrical)

fields on the magnetoreception mechanism. The analysis of field frequencies at which

magnetoreception is violated can be used to suggest certain experimental conditions

for probing the magnetoreception mechanism in birds.

The analysis performed in this work supports the hypothesis that birds possibly

have two magnetic field receptors: one located in the eye and the second located in

the beak. Both receptors may supplement each other and enhance the effect of the

weak geomagnetic field on birds. One possibility might be that the nervous

signals induced in the beak and in the eye modulate each other leading

to an enhanced effective signal to be sent to the brain of the animal.

To understand if this is the case, it is necessary to study the nervous system of

the bird and clarify which nervous signals can be produced due to the described

magnetoreception systems. Another possibility for the two mechanisms to operate

together is inspired by recent electrophysiological and histological studies, which

suggest that, in birds, a radical pair mechanism located in the right eye provides
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directional information for a compass, while a magnetite-based mechanism located in

the upper beak records magnetic intensity, thus providing positional information [6].

These hypotheses should be studied both experimentally and theoretically.

The suggested magnetoreception mechanisms were investigated specifically in

birds, however the same mechanisms might also be responsible for magnetosensa-

tion in other animals like fishes [46], salamanders [17–20] bees [21–25] and others.

Unfortunately, lack of sufficient information about magnetic particles in these species

hinders one from drawing conclusions about their precise magnetoreception mech-

anism. Therefore, when more experimental data regarding the magnetic particles

in animals become available the present investigation can be extended to a more

general description.
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Appendix A: Direct Product of
Matrices

The Direct Product (also called as Kronecker product) of matrices plays a central

role in mathematics and in applications found in engineering and theoretical physics.

These applications are signal processing, statistical physics, quantum groups, quan-

tum computers and others. In the problem discussed in the present thesis the direct

product formalism is necessary for the construction of the spin Hamiltonian dis-

cussed in chapter 3, in section 3.1.2.

In this appendix section the general ideas of the direct product algebra are

outlined and a spin Hamiltonian of a simple few-spin system is constructed.

Mathematically speaking, the direct product of a matrix A (which has the di-

mensions m× n) and a matrix B (which has the dimensions p× q) is a (mp)× (nq)

matrix with elements defined by

cαβ = aijbkl (1)

where

α = p(i− 1) + k (2)

β = q(j − 1) + l (3)

For example, the matrix direct product of the 2× 2 matrix A and the 3× 2 matrix

B is given by the following 6× 4 matrix,

A⊗B =

(
a11B a12B
a21B a22B

)
=




a11b11 a11b12 a12b11 a12b12

a11b21 a11b22 a12b21 a12b22

a11b31 a11b32 a12b31 a12b32

a21b11 a21b12 a22b11 a22b12

a21b21 a21b22 a22b21 a22b22

a21b31 a21b32 a22b31 a22b32




. (4)
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Let us consider a physical example: the interaction of a three spin 1/2-particles,

where two particles represent electrons, and one particle represents a nucleus. This

model system represents a simple radical pair with one nucleus. It has been discussed

for example in Refs. [1, 179,244].

Let Ĥ1 be the Hamiltonian of a single electron and Ĥ2 be the Hamiltonian of

the other electron and of the nucleus. Then the Hamiltonian matrix of the entire

system is defined as:

Ĥ = Ĥ1 ⊗




1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


 +

(
1 0
0 1

)
⊗ Ĥ2, (5)

where

Ĥ1 = µB
~Bĝ~S1 = µBg

[
Bx

(
1

2
σx

)
+ By

(
1

2
σy

)
+ Bz

(
1

2
σz

)]
. (6)

Here ~B is the external magnetic induction vector and ~S1 describes the spin of the

electron. σx, σy and σz are the Pauli matrices defined in Eq. (3.9). ĝ is the g-

tensor, and g is the g-factor. The g-factor for free electron, has the value close to

two: ge = 2.0023193. Thus, for the sake of simplicity let us assume that g = 2.

Substituting Eqs. (3.9) in Eq. (6) one obtains:

Ĥ1 = µB

(
Bz Bx − iBy

Bx + iBy −Bz

)
. (7)

Ĥ2 is defined as follows:

Ĥ2 = µB
~Bĝ~S2 + µB

~I1Â~S2, (8)

where Â is the hyperfine coupling tensor for the nucleus. For the sake of simplicity

let us assume that it has only isotropic part. Then, in the appropriate coordinate

frame it can be brought to its diagonal form:

Â =




Axx 0 0
0 Ayy 0
0 0 Azz


 . (9)

Substituting Eq. (9) into Eq. (8) one obtains:
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Ĥ2 = µB

(
Bxσx ⊗

(
1 0
0 1

)
+ Byσy ⊗

(
1 0
0 1

)
+ Bzσz ⊗

(
1 0
0 1

))
+

+
µB

2
(Axxσx ⊗ σx + Ayyσy ⊗ σy + Azzσz ⊗ σz) . (10)

With the definition of the direct product Eq. (4) the direct products in Eq. (10) can

be calculated accordingly:

σx ⊗
(

1 0
0 1

)
=

(
0 1
1 0

)
⊗

(
1 0
0 1

)
=




0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


 (11)

σy ⊗
(

1 0
0 1

)
=

(
0 −i
i 0

)
⊗

(
1 0
0 1

)
=




0 0 −i 0
0 0 0 −i
i 0 0 0
0 i 0 0


 (12)

σz ⊗
(

1 0
0 1

)
=

(
1 0
0 −1

)
⊗

(
1 0
0 1

)
=




1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1


 (13)

The direct products in the second term in Eq. (10) read as:

σx ⊗ σx =

(
0 1
1 0

)
⊗

(
0 1
1 0

)
=




0 0 0 1
0 0 1 0
0 1 0 0
1 0 0 0


 (14)

σy ⊗ σy =

(
0 −i
i 0

)
⊗

(
0 −i
i 0

)
=




0 0 0 −1
0 0 1 0
0 1 0 0
−1 0 0 0


 (15)

σz ⊗ σz =

(
1 0
0 −1

)
⊗

(
1 0
0 −1

)
=




1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 1


 . (16)

Substituting Eqs. (11)-(16) into Eq. (10) one obtains:
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Ĥ2 = µB




Bz 0 Bx − iBy 0
0 Bz 0 Bx − iBy

Bx + iBy 0 −Bz 0
0 Bx + iBy 0 −Bz


 + (17)

+
µB

4




Azz 0 0 Axx − Ayy

0 −Azz Axx + Ayy 0
0 Axx + Ayy −Azz 0

Axx − Ayy 0 0 Azz


 =

=
µB

2




2Bz + Azz

2
0 2(Bx − iBy)

Axx−Ayy

2

0 2Bz − Azz

2

Axx+Ayy

2
2(Bx − iBy)

2(Bx + iBy)
Axx+Ayy

2
−2Bz − Azz

2
0

Axx−Ayy

2
2(Bx + iBy) 0 −2Bz + Azz

2


 .

With Eqs. (7) and (18) one can determine the summands in Eq. (5):

Ĥ1 ⊗




1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


 = µB

(
Bz Bx − iBy

Bx + iBy −Bz

)
⊗




1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


 =

µB




Bz 0 0 0 Bx−
iBy 0 0 0

0 Bz 0 0 0 Bx−
iBy 0 0

0 0 Bz 0 0 0 Bx−
iBy 0

0 0 0 Bz 0 0 0 Bx−
iBy

Bx+
iBy 0 0 0 −Bz 0 0 0
0 Bx+

iBy 0 0 0 −Bz 0 0
0 0 Bx+

iBy 0 0 0 −Bz 0
0 0 0 Bx+

iBy 0 0 0 −Bz




(18)
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In this appendix section it was demonstrated how the spin-Hamiltonian matrix

can be constructed. The Hamiltonian, Ĥ, in Eq. (3.48) can be constructed in a

similar way. Its analytic expression becomes somewhat lengthy because of the larger

number of nuclei and because of the anisotropic part of the hyperfine interaction,

which was omitted in the discussed example.
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Length Relations

The units of length in the SI system of units are metres (m) and in the CGS system

of units it is centimeters (cm). However, in the problems discussed in the thesis

other units of length were used (i.e. micrometer (µm) and nanometer (nm). The

relation between these units reads as follows:

1 m = 102 cm = 106 µm = 109 nm

Energy Relations

There are many different units for expressing energy. Here only those which are

most closely related to the subject of the dissertation are reviewed. In the SI system

of units, the energy unit is Joule (J), named after James Prescott Joule for his work

on the relationship between heat, electricity and mechanical work:

1 J = 1
kg ·m2

s2
.

In the dissertation several other units of energy were used: electron volt (eV), mili-

electron volt (meV), kilocalorie/mole (kcal/mol) and ergs (erg). These units can be

expressed in units of Joule as follows:

1 eV = 1.602 · 10−19 J = 1000 meV = 23.045
kcal

mol
= 1.602 · 10−12 erg

1
kcal

mol
= 4.339 · 10−2 eV = 6.952 · 10−22 J

1 J = 107 erg.
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Magnetic Field Units, Magnetization

The SI unit of magnetic flux density (or magnetic induction) is tesla (symbol T). It

defines the intensity (density) of a magnetic field. The tesla is equal to one weber per

square meter and was defined in 1960 in honor of inventor, scientist and electrical

engineer Nikola Tesla.

1 T = 1
V · s
m2

= 1
N

A ·m = 1
Wb

m2
= 1

kg

A · s2

1 Tesla is equivalent to 10,000 gauss (G), used in CGS system, or 109 gammas (γ),

used in geophysics. Thus,

1 γ = 10−9 T

1 G = 10−4 T.

The unit of magnetizing force (magnetic field strength) in the CGS electromag-

netic system is Oersted (Oe). To convert Oe to the SI system of units the following

relation can be used:

1 Oe =
1000

4π

A

m
= 79.58

A

m
.

In vacuo the magnetic field of one Oersted corresponds to the magnetic induction

of one Gauss.

Magnetization is a property of some materials (e.g. magnets) that describes to

what extent they are affected by magnetic fields, and also determines the magnetic

field that the material itself creates. Magnetization is defined as the amount of

magnetic moment per unit volume. The units of magnetization in the SI system of

units are A/m. In the CGS system of units it is emu (electromagnetic unit) per unit

volume. The units can be converted according to the following equation:

1
emu

cm3
= 103 A

m
.

Magnetic Moment

The magnetic moment or magnetic dipole moment is a measure of the strength of a

magnetic source. In the CGS system of units the measure for the magnetic moment
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is emu (electromagnetic unit), while in the SI system of units it is A·m2. Both units

are related as follows:

1 emu = 10−3 A ·m2

For a grain of volume V (cm3) and saturation magnetization Ms (emu/cm3), the

units of the magnetic moment ~µ = V·Ms are:

1 emu = 1
erg

G
= 10−3 J

T
= 6.242× 1011 eV

G
.

Magnetic Susceptibility

The volume susceptibility is a dimensionless quantity. It can be measured in the

CGS and SI systems of units. The conversion between the two systems is governed

by the following equation

χ(CGS)
v = 4πχ(SI)

v .

Light Intensity Units

Irradiance is a radiometry term for the power of electromagnetic radiation at a sur-

face, per unit area. ”Irradiance” is used when the electromagnetic radiation is inci-

dent on the surface. The SI units for this quantity is watts per square metre (W/m2),

while the CGS units are ergs per square centimeter per second (erg·cm−2·s−1, which

is often used in astronomy). These quantities are sometimes called intensity, but

this usage leads to confusion with radiant intensity, which has different units.

All of these quantities characterize the total amount of radiation present, at all

frequencies. It is also common to consider each frequency in the spectrum separately.

This can be achieved by dividing the Irradiance by the energy of one quanta hν,

where h is the Planck constant and ν is the light-frequency. then the corresponding

units for irradiance in the SI system of units are quanta·s−1m−2.
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[200] Néel, L. 1949. Théorie du trainage magnétique des ferromagnétiques en grains

fins avec applications aux terres cuites. Ann. Geophys. 5:99–136.

[201] Banerjee, S. and B. Moskowitz. 1985. Magnetite Biomineralization and Magne-

toreception in Organisms: a New Biomagnetism, chapter Ferrimagnetic prop-

erties of magnetite. New York, London: Plenum Press, pages 17–41.
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