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Micromagnetic insight into a magnetoreceptor in birds: Existence of
magnetic field amplifiers in the beak
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The Earth’s magnetic field provides an important source of directional information for many living organ-
isms, especially birds, but the sensory receptor responsible for magnetic field detection still has to be identified.
Recently, magnetic iron oxide particles were detected in dendritic endings of the ophthalmic nerves in the skin
of the upper beak of homing pigeons and were shown to fulfill the special prerequisites of a biological receptor.
Here we study the proposed receptor theoretically and formulate the criteria for which it becomes operational
and can be used for registering the weak magnetic fields as, e.g., the geomagnetic field, by a bird.

DOI: 10.1103/PhysRevE.80.041919

I. INTRODUCTION

The ability of birds [1-7] and some other animals
[2,8-11] to sense the geomagnetic field and use it for navi-
gation remains a fascinating and intriguing problem in all
branches of life sciences. Although there is no dispute that
magnetic sense exists in avian, it is a controversial and not a
well-understood phenomenon. Presently there is an ongoing
debate whether magnetoreception in birds is based on a
magneto-optically triggered chemical reaction [3,10,12-21]
occurring in the eye, the interaction of magnetic micropar-
ticles in the beak [10,15,22-33], or both [6,34].

During the last decades there were many attempts to ex-
plain magnetoreception phenomenon qualitatively (see, e.g.,
Refs. [3,12-18,21,24,25,31,33,35-42]). However, at present,
there is no theory which could describe all experimental ob-
servations at once. The magnetoreception mechanisms are
usually studied qualitatively, whereas a systematic quantita-
tive understanding is often necessary for the interpretation of
existing experiments and for suggesting new ones. In this
paper we make a step to fill this gap. Here we investigate the
iron-mineral-based magnetoreception mechanism, which was
motivated by recent experimental findings [22,23,27-29,32]
and was theoretically described in Refs. [24-26]. In the
present paper we go beyond the qualitative analysis per-
formed in the papers cited above and present an in-depth
investigation of the magnetoreception mechanism based on
realistic quantitative calculations.

Magnetic iron oxide particles were detected in dendritic
endings of the ophthalmic nerve in the skin of the upper beak
of homing pigeons and were shown to fulfill the special pre-
requisites of a biological receptor [22,23,27-29,32]. The iron
oxide particles in the beak were detected in different forms.
Most prominent is the occurrence of tiny platelets of a well-
defined shape and size. The platelets form straight chains as
illustrated in Fig. 1 and are aligned preferentially along the
dendrites. According to the x-ray absorption near-edge fine
structure (XANES) data the platelets consist of a ferrimag-
netic mineral maghemite and are most probably of single-
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crystalline nature [22,23,27-29]. The chain of maghemite
platelets attracts a cluster of magnetite nanoparticles, which
is connected to the nerve cell membrane [22-29]. A chain of
maghemite platelets with a magnetite cluster build up a
single magnetoreceptor unit [22,23,27-29]. There are many
of these units in the beak, which react similar to the changes
in external magnetic field.

Each maghemite platelet has a quadratic base of roughly
I X1 wpm and a thickness of ~0.1 um (see Fig. 1), but very
little is known about their magnetic properties. The magne-
tization of a platelet is an important characteristic because it
determines the interaction forces between magnetic constitu-
ents of a dendrite and plays a central role in the transducer
mechanism of the geomagnetic field in birds [24-26,35].

The magnetization of a single platelet was studied com-
putationally using the micromagnetic approach [29]. It was
demonstrated that an isolated platelet has four magnetic do-
mains, as shown in Fig. 1, and possesses zero magnetization.

~ four single
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J domain

FIG. 1. (Color online) A chain of maghemite platelets detected
by the transmission electron microscopy imaging method in the
beak of homing pigeons [23] is of central importance for the mag-
netoreceptor organ in birds. The functioning of the magnetoreceptor
depends on the total magnetization of the chain and thus on the
magnetic domain structure of the individual platelets. Two possible
domain distributions (four domain and a single domain) are
discussed.
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A platelet may become magnetized in external magnetic field
by shifting the walls of the magnetic domains. In Ref. [33] it
was suggested that magnetic field of the Earth may be suffi-
ciently strong to induce a noticeable transformation of the
domain structure of the maghemite platelets in the bird’s
beak. The theoretical evaluation of this hypothesis is one of
the central focuses of this paper.

We study how the total magnetization of the maghemite
platelet chain depends on the number of platelets in the sys-
tem. Based on the results of the calculation we formulate the
criteria at which the magnetoreceptor suggested in [23,24]
becomes operational. We demonstrate that the structures in
the beak can work as an efficient magnetic field amplifier,
which enhances the weak geomagnetic field leading to a sig-
nificant magnetization of the chain, comparable with the
saturation magnetization of the material. In the latter case the
chain of maghemite platelets is expected to induce a notice-
able effect on the nerve cell membrane in the bird’s beak as
suggested in Refs. [24-26,35].

Note that in earlier studies [24-26,35] we used a rough
estimate for the magnetization of a maghemite platelet,
which allows to describe the magnetoreceptor in birds in less
details. We used the known value of the remanent magneti-
zation of maghemite, which provides the low border estimate
for the forces arising between magnetic particles in the den-
drite. Nevertheless, the forces were shown to be sufficient to
excite specific mechanoreceptive membrane ion channels.
The present paper is aimed to quantify the model described
in Refs. [24-26,35]. The results of the calculations demon-
strate that at certain conditions the magnetization of the
maghemite platelets is expected to be several times larger
than was assumed earlier leading to a significant enhance-
ment in magnetoreception by a bird.

II. THEORETICAL METHODS

A. Micromagnetic computation

In this section we describe the micromagnetic approach
[43-45], which was used to calculate the distribution of mag-
netic domains in the magnetoreceptor. In the framework of
this method the system is subdivided into smaller elements
of volume V, characterized by a vector r. The volume V,
contains N>1 elementary magnetic moments pm; I
=1,...,N, but is small enough to ensure that the elementary
magnetic moments inside of it are almost collinear. Thus, we
define the magnetization vector M(r) at point r as follows:

1 N
M(r):;E M. (1)
ri=1

The magnetization vector M(r) in each element of the sys-
tem can be written as

M(r,t) = Mm(r,z), (2)

where m(r,?)=m,(r,1)e,+m,(r,t)e,+m(r,1)e, is the mag-
netization unit vector (with ey, being the basis vectors of
the coordinate frame) and M, is the saturation magnetization
of the sample.

At constant external magnetic field and temperature, the
equilibrated state of the system corresponds to the minimum
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of its free energy. The free energy of the system sums from
the exchange (F,,), anisotropy (F,,), stray (F,,), and Zeeman
(F,) interactions as follows:

F=F, +F,,+F,+F;,. (3)

The exchange interaction is the basic interaction which
causes cooperative magnetic ordering in a ferrimagnet (or
ferromagnet). The contribution of the exchange interaction to
the free energy of the system reads [43,44,46,47]

F, = f A[(Vm)? + (Vm,)* + (Vm,)*1dV. (4)
\%4

Here the integration is performed over the volume of the
system. A is the exchange constant, which can be particular-
ized for different lattice geometries [44]. To understand the
physical principles underlying Eq. (4) consider an example
of the cubic lattice of spins, for which the interaction energy
is given by the Heisenberg Hamiltonian [43,46,47]:

Eexz—ZJZ S;i-S;. (5)
ij

Here the summation is performed over the neighboring spins.
S; and S; are the spin angular momenta, expressed in units of
f, associated with spins i and j; J is the exchange integral.
We assume that the interspin forces are sufficiently strong to
keep the neighboring spins almost parallel. This approxima-
tion is valid for temperatures lower than the Curie tempera-
ture at which the magnetic ordering in a ferromagnet disap-

pears.
Thus, if S;=Sm;, and ¢,; is a small angle between the
directions of m; and my;, Eq. (5) can be rewritten as follows:

&
E,.=-2JS*2 cos 6,;~ - 2JS*2, (1 -
i i 2
= const + JS2, 012] (6)
ij
Since we are interested in the energy changes, we omit the

constant term in Eq. (6). For small 6;;, the condition |6
~ [m;—my| holds and Eq. (6) reads as

Eex = 522 (mJ - mi)2~ (7)
ij

The displacement vector m;—m,; can be expressed in terms

of a continuous function m(r,7) defined in Eq. (2) as
m; - m; = (Ar;- V)m, (8)

where Ar;=r;—r; is the position vector of spin j with respect

to spin i. Substituting Eq. (8) into Eq. (7) one obtains
E,.=JS*2 [(Ar;- V)mP = S22 [(Ary - Vim,)?
] i,
+ (Ary- me)2 + (Ary- Vm,)?]. 9)
By summing over j, multiplying the expression by the num-
ber of spins per unit volume, and clubbing all constants to-

gether, one obtains the exchange energy density per unit vol-
ume g,
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FIG. 2. (Color online) Cubic anisotropy energy density calculated from Eq. (13). Plot (a) shows the energy density distribution in which
the coordinate axes are the easy axes (K;=0.3, K;=3.0). Plot (b) shows the energy distribution in which the coordinate axes are the hard
axes (Ko=1, K;=-1.0). The values of K, and K are chosen in arbitrary units

e, =A[(Vim,)? + (me)2 +(Vm,)?]. (10)

Here A=JS’c/a is a constant [43], with a being the unit-cell
edge length, and c is a number, equal to 1, 2, or 4, for the
simple cubic, body-centered-cubic, or face-centered-cubic
lattice, respectively. Typical values of A are on the order of
10! J/m. By integrating the exchange energy density over
the volume of the system one obtains the contribution of
exchange interactions to the free energy of the system.

In ferromagnetic and ferrimagnetic bodies one usually has
to account for magnetic anisotropy effects, which arise be-
cause of the certain crystalline symmetry. In particular, in the
absence of external magnetic field, some materials tend to be
magnetized along a preferential direction, which in literature
is usually referred to as the “easy direction” [43,46,47]. The
anisotropic effects can be accounted for by means of an ad-
ditional phenomenological term in the free-energy func-
tional, F,,, as introduced in Eq. (3).

The magnetization unit vector m(r,z), Eq. (2), can be ex-
pressed in spherical coordinates by means of the angles 6
and ¢ such that

m = (sin ¥ cos ¢;sin ¥ sin @;cos 6).

(11)

Thus, the anisotropy energy density &,,(m) can be consid-
ered as a function of the spherical angles ¥ and ¢ and the
contribution to the anisotropy free energy reads as

Fyp(m) = f &gn(m)dV. (12)
Vv

From Eq. (12) follows, that the easy directions of the system
correspond to the minima of the anisotropy energy density,
whereas saddle points and maxima of g,,(m) determine the
medium-hard axes and the hard axes, respectively. In many
crystals, for example, maghemite or magnetite, the aniso-
tropy energy density has cubic symmetry, which in Cartesian
coordinates can be expanded as follows [43,46,47]:

g4 =Ko+ K, (1"1)261"1)2 + mim? + mfmf) + szzmimf + e,

(13)

where K,,K|,K,,... are the expansion coefficients. The
terms in Eq. (13) of the fourth order and greater are usually
neglected because they have a minor impact on the structure
and energy of the crystal (i.e., K,=0, etc). From Eq. (13)
follows, that if K; >0, the anisotropy energy density &,,, has
six equivalent minima corresponding to the directions x,y,z.
Conversely, if K; <0 there are eight equivalent minima
along the directions pointing to the vertices of the cube and
the coordinate axes directions become now hard axes. To
illustrate this in Fig. 2 we plot the cubic anisotropy energy
density calculated with K,=0.3, K,=3.0, plot (a), and K,
=1, K;=-1.0, plot (b). The minima corresponding to the
easy axes can be clearly seen. Note that the values of K, and
K, in Fig. 2 are chosen in arbitrary units in order to illustrate
the anisotropy energy density at different conditions.

The stray interaction term F, in Eq. (3) is another impor-
tant part of the magnetic interaction describing the classical
long-range interactions between the magnetic moments of
the body. The stray field is nonlocal because at a given loca-
tion it depends on the magnetization of all other parts of the
sample. The stray contribution to the free energy (in the cgs
system of units) can be written as [43,44,46]

1
FS,=f ssth=——f H(r,0))M(r,1)dV, (14)
1% 87y

where Hg(r,7) is the demagnetizing field and M(r,7) is de-
fined in Eq. (2). Accounting for the stray field is the most
cumbersome part of the calculation. The complexity arises
from the nonlocal nature of the stray energy term. The de-
magnetizing field H; at location r is given by [43,44,46]
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r-r’)V  -M(’ "(r-r')n-M
H, = ( ) /3( )dV’+ ( ),% as'.
7 |r—r| S |r—r|*

(15)

where n denotes the normal vector to the surface and S is the
surface area of the sample.

The last contribution to the free energy of the system is
the Zeeman energy term, which corresponds to the fourth
summand in Eq. (3). The Zeeman interaction describes the
influence of external magnetic field on the spins in the sys-
tem. From basic electrodynamic calculations follows [47]

1
EZ= f Szdv= - _f Ms(r,t)BodV, (16)
v 4mly
where B, is the external magnetic field.

B. Structure relaxation procedure

To describe the time evolution of the magnetization
M(r,7) in the system and to determine the magnetization at
equilibrium one has to solve the Landau-Lifshitz equation
[43,45-48]

ya
E:—’YMXHeff—HMX(MXHeﬂ')’ (17)

where Hegy is the effective magnetic field at site r, y is the
Landau-Lifshitz gyromagnetic ratio, and « is the Landau-
Lifshitz phenomenological damping parameter, which is ma-
terial dependent. The effective field is defined as

H=-4 ﬁ (18)
eff = WaM'

Here F is the free energy of the system calculated using Eq.
(3).

To calculate the equilibrium distribution of magnetic do-
mains in the chain of maghemite platelets the following pro-
cedure was used. The chain was subdivided into smaller el-
ements with a predefined distribution of magnetic moments.
The time evolution of the magnetization in each cell was
described using the Landau-Lifshitz equation, Eq. (17). The
second term in this equation describes the damping in the
system, which leads to the formation of stable magnetic do-
mains.

The relaxation time of the system depends on the damp-
ing parameter «. Since we are interested in the distribution of
magnetic domains at equilibria, we assume a=0.5, which
leads to a faster relaxation in the system. In ferromagnetic
and ferrimagnetic crystals the damping parameter is usually
0.01...0.1 [49,50] and is important for the study of dynami-
cal processes in the system, while it has no impact on the
equilibrated structure. To study the equilibrated structure of
the system it is convenient to choose a larger value of «
because the micromagnetic calculation converges faster to
the stable configuration. Thus, to save the computation time,
we use an increased value of the damping parameter as com-
pared to the realistic values.
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TABLE I. Parameters for maghemite used in the micromagnetic
calculations. Different sets of parameters are available from the
literature. () marks the value of the saturation magnetization used
in the present paper.

Physical quantity Symbol Value Reference
Saturation magnetization M,  300-417 (kA/m) [29,54-57]
375 (kA/m) [29,56,57]
Exchange energy constant A 13 (pJ/m) [29]
Anisotropy constant K, 4.7 (kKJ/m3) [52,53]
Anisotropy type Cubic [29,52,53]

III. RESULTS AND DISCUSSION

Using the methods described in the previous section we
studied the energy and magnetization of the microplatelet
chains of different lengths. The computations were per-
formed with the use of the OOMMF program [51]. For a given
number of platelets we consider several possible distribu-
tions of magnetic domains in the system and study the influ-
ence of the geomagnetic field on the stable configurations.

The material-dependent parameters used in the computa-
tions are known from the literature [29,52-54] and are com-
piled in Table I. According to the XANES data the platelets
in the beak consist of a ferrimagnetic mineral maghemite
[22,23,27-29]. The micromagnetic  parameters for
maghemite in Table I were taken from Refs. [29,52-57]. Re-
cently an alternative hypothesis was discussed that the plate-
lets may be composed of a different magnetic mineral (prob-
ably magnetite) [58]. However, this has a minor impact on
the theory and results of the present paper because the pa-
rameters for maghemite are close to those for magnetite and
some other magnetic iron oxides. The micromagnetic param-
eters for magnetite can be found in, e.g., Refs. [59-62].

In this paper we consider a chain of maghemite platelets
in an external magnetic field directed along the chain. In Fig.
3 we illustrate the geometry of the magnetoreceptor and in-
dicate the associated coordinate frame. Note, that strictly
speaking a magnetoreceptor includes a chain of maghemite
platelets and a magnetite cluster as was introduced in Ref.
[24]. In this paper, for the sake of simplicity, we refer to a
chain of maghemite platelets as to a magnetoreceptor.

Figure 4 shows the equilibrated structures calculated for
chains with N=1,...,7 platelets. For the calculation the sys-
tem was subdivided into cubic elements of 10X 10

N platelets

FIG. 3. (Color online) A schematic presentation of the
maghemite platelet chain with N platelets. The length of the chain is
L, while the length, the width, and the thickness of an individual
platelet is Ax, Ay, and Az, respectively. The external magnetic field
éo is applied along the chain, which is chosen as the x axis.
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FIG. 4. (Color online) Distribution of magnetic domains in
chains of maghemite platelets with different number of platelets.
The figure shows stable configurations obtained with the use of the
relaxation procedure described in Sec. II B. For each chain length
the so-called 1D and 4D configurations are considered (see text).
The number of platelets in the chain is given near the image of the
corresponding structure. For the computation the system was sub-
divided into cubic elements of 10X 10X 10 nm? and the external
magnetic field of 0.5 G is directed along the chain.

X 10 nm?. This subdivision has been chosen to fulfill the
requirement of the micromagnetic calculation such that the
elementary magnetic moments inside each element are al-
most collinear. With a 10X 10X 10 nm? subdivision this
condition is well preserved because the critical size of a
single domain in magnetite is expected to be 60* 10 nm
[36,63]. The characteristic size of a single domain in
maghemite should be close to the value for magnetite, as the
magnetic properties for both minerals are similar [56]. In
order to check to which extent the 10X 10X 10 nm? subdi-
vision can be used in micromagnetic calculation, in Table II
we present the total energies of a single maghemite platelet
calculated using Eq. (3) by subdividing the platelet into cu-
bic elements of different sizes. In this calculation the platelet
has four triangular-shaped domains as shown in Fig. 4. The
smallest subdivision considered corresponds to the 4 X4

TABLE II. The total energy of a single maghemite platelet cal-
culated using Eq. (3) subdivided into cubic elements (cells) of dif-
ferent sizes. The relative error shows the deviation of energy from
the value calculated for a platelet subdivided into cells of 4 X4
X4 nm?. The last column in the table gives the total number of
cells in the corresponding computation. In this calculation the plate-
let has four triangular-shaped domains as shown in Fig. 4.

Cell size Energy  Relative error
(nm X nm X nm) (eV) (%) Number of cells
4X4X4 856.24 1562500
SX5X5 857.05 0.09 800000
10X 10X 10 861.45 0.60 100000
20X20X20 880.32 2.8 12500
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X 4 nm? cell containing ~500 iron atoms as follows from
the bulk density of maghemite [56]. This cell size is more
than an order of magnitude smaller than the critical size of a
single domain, and therefore the corresponding subdivision
is expected to give reliable results. It is difficult to perform
micromagnetic computations by subdividing the system into
smaller elements, as the total number of cells in the case of a
4X4x4 nm?® subdivision of a single maghemite platelet is
already more than 1.5 X 10°, as follows from Table II, requir-
ing significant computation time and power. Increasing the
cell size results in the increase in the total energy of the
platelet and in the decreasing accuracy of the calculation (see
Table II). From Table II follows that the relative deviation of
energy from the value calculated for a platelet subdivided
into 4 X4 X4 nm? cells is less than a percent for the platelet
subdivided into cells of 10X 10X 10 nm? (or of smaller
size) and about 3% for the 20X 20X 20 nm> subdivision.
This fact shows that 10X 10X 10 nm® and 20X20
X 20 nm? subdivisions are accurate enough and can be used
for the computations.

The external magnetic field is assumed to be equal to the
typical geomagnetic field of 0.5 G directed along the chain
(see Fig. 3). In the present paper we focus on this particular
example in order to demonstrate that the geomagnetic field is
sufficient to induce a noticeable change in the magnetization
of the platelet chain leading to magnetoreception of a bird.
We describe the key aspects of the iron-mineral-based mag-
netoreception mechanism and support our rationale with cal-
culations. We perform a detailed analysis of the magnetore-
ceptor at a fixed intensity and orientation of the external
magnetic field, while the study at different conditions is left
open for further consideration.

For each chain size two magnetic isomers were consid-
ered, which we refer to as the one domain (1D) and the four
domain (4D) configurations. The isomers are classified ac-
cording to the distribution of magnetic domains in the struc-
tures prior to the relaxation procedure: in the 1D isomers
each platelet has a single domain with the magnetization
directed along the chain. In the 4D isomers each platelet is
assumed to have four circular domains as illustrated in Fig.
1. We considered two possible magnetic isomers of the
chains because other configurations are expected to have sig-
nificantly higher energies than the structures shown in Fig. 4
and therefore are unlikely to be observed.

Figure 4 shows that the relaxed 1D configurations acquire
four domains in the outermost platelets, while inside the
chain the magnetic moments form single domains. The do-
mains in the 4D configurations do not change significantly in
the course of the relaxation process.

To simplify the computation we neglected the small dis-
tances between the individual platelets and considered the
chains of maghemite platelets as solid magnetic bars. This
assumption has minor influence on the results of the compu-
tation because the distances between the platelets are signifi-
cantly smaller than the characteristic size of the platelets and
in some cases can even not be resolved in electron micro-
scope (see Fig. 1).

An important characteristic of the maghemite platelet
chain is the total magnetization of the system. In Fig. 5 we
show the relative magnetization calculated for structures
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FIG. 5. (Color online) Relative magnetization of the maghemite
platelet chains shown in Fig. 4. Plot (a): components of the magne-
tization vector calculated for the 1D structures; plot (b): compo-
nents of the magnetization vector calculated for the 4D structures.
The values are normalized to the saturation magnetization of
maghemite given in Table I. The dashed curve in (b) was calculated
using Eq. (21) and illustrates the magnetic field amplification
mechanism in the system.

shown in Fig. 4 as a function of the number of platelets in
the chain. Figures 5(a) and 5(b) show the components of the
magnetization vector calculated for the 1D and 4D struc-
tures, respectively. The values are normalized to the satura-
tion magnetization of maghemite given in Table L.

As seen from Fig. 5(a) the components of the magnetiza-
tion for the 1D structure along the chain, M, steadily ap-
proach the saturation limit. Small deviations are due to the
domains at the edge of the chain (see Fig. 4). As follows
from Fig. 4, the magnetization in the 1D structures is sym-
metrical with respect to the chain axis. Therefore, the per-
pendicular components of the magnetization vector, M, and
M, are close to zero.

The magnetization of the 4D structures is significantly
smaller than the magnetization of the 1D structures [see Fig.
5(b)]. Figure 5(b) shows that in the geomagnetic field the
magnetization of the chains with less than seven platelets is
below 5% of the saturation value. However, the magnetiza-
tion along the chain, M,, for the 4D configuration steadily
grows with increasing number of platelets in the system. This
happens because the external magnetic field is amplified by
the platelets enhancing the total magnetization of the chain.

The magnetization of the chain in the direction of the
external magnetic field is proportional to the length of the
chain L and to the strength of the external magnetic field B
(see Fig. 3). Thus, the component of the magnetization in
that direction, M, reads as

Mx = ao(BO + Beff)L = ao(BO + Beff)A.XN, (19)

where « is the proportionality constant, Ax is the length of a
platelet (see Fig. 3), N is the total number of platelets, and
B, is the effective magnetic field created by the magnetized
chain. The magnetization of a chain cannot exceed the satu-
ration value. If M <M, the linear approximation can be
used in which the effective magnetic field is proportional to
the magnetization of the chain:

PHYSICAL REVIEW E 80, 041919 (2009)
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FIG. 6. (Color online) Calculated distributions of magnetic do-
mains in chains with eight, nine, and ten maghemite platelets. Prior
to relaxation all platelets were assumed to have four equally sized
circular magnetic domains. The external magnetic field of 0.5 G is
applied along the chain. For the computation the system was sub-
divided into cubic elements of 20X 20X 20 nm?.

1

BW=E

M.,. (20)
Here B is the proportionality constant. In the case of M,
<M., the approximation Eq. (20) becomes invalid because
one has to account for nonlinear effects in the B, (M) de-
pendence. Substituting Eq. (20) into Eq. (19) and rearranging
the terms one obtains

_ aoAxBoN _ BB()N _ B B()N (21)
a 1 aOAxN_ (B/aoAx)—N_ NO—N.
B

As follows from Eq. (21) the magnetization of the chain
increases as the number of platelets in the system grows.
According to Eq. (21), at N— N, the magnetization becomes
infinitely large illustrating the fact that at certain length the
4D configuration of the chain is unstable and transforms to
the 1D configuration.

Physically, this transition can be understood as follows:
the external magnetic field magnetizes the chain, which in
turn results in the creation of an effective magnetic field
inside the chain, which is collinear with the external mag-
netic field. The resulting magnetic field shifts the magnetic
domain walls increasing the size of the domains with the
magnetization directed parallel to the external magnetic field.
At certain length the effective magnetic field reaches a
threshold value, at which the 4D structure becomes strongly
distorted and therefore unstable (see Fig. 6).

The critical number of platelets at which the 4D— 1D
structural transition occurs can be estimated from Eq. (21).
Assuming the threshold value of magnetization at which the
4D configuration becomes unstable to be equal M, one ob-
tains

1
N.

Gy =Ny————————. 22
crit 01 + (BB()/Mthr) ( )

N,,;; in Eq. (22) is an integer and it may be smaller than N,
if the external magnetic field is sufficiently large. The thresh-
old value of the magnetization M,,.< M, where M, is the
saturation magnetization of maghemite, is defined in Table 1.

The dashed curve in Fig. 5(b) is calculated using Eq. (21)
and illustrates the magnetic field amplification mechanism in
the system. We determined 8 and N, in Eq. (21) by fitting the
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FIG. 7. (Color online) Relative magnetization calculated for the
chains of maghemite platelets with N=10. The structures with
eight, nine, and ten platelets are shown in Fig. 6. In the micromag-
netic calculation the system is subdivided into cubic elements of
20X 20X 20 nm?’. The external magnetic field is directed along the
chain being equal to 0.5 G.

calculated values for M, with Eq. (21). The least-squares
fitting method results in 8=10% A/m-T and Ny=9.63. Thus,
the 4D — 1D structural transition in a geomagnetic field of
0.5 G is expected in chains with more than ten platelets.

Micromagnetic calculations with a 10X 10X 10 nm? sub-
division of the system become computer time demanding for
a chain with ten platelets because it involves 10° elements.
Therefore, in order to study the domain structure of a chain
with ten platelets we subdivided the system into 20X 20
X 20 nm?® elements. Figure 6 shows the calculated stable
distribution of magnetic domains in chains with 8, 9, and 10
platelets. The structure of the chains with 1...7 platelets in
this case is similar to the structures computed with the 10
X 10X 10 nm? subdivision shown in Fig. 4. The structures
shown in Fig. 6 were obtained with the use of the relaxation
procedure described in Sec. II B. Initially, all platelets were
assumed to have four equally sized magnetic domains and
the external magnetic field of 0.5 G was applied along the
chain (see Fig. 3).

Figure 6 shows that the distortion of magnetic domains in
the system increases with increasing number of platelets in
the chain: in the chain with eight platelets the size of do-
mains in different platelets is close, while in the chain with
nine platelets the domains are notably different in size. The
chain with ten platelets undergoes the 4D — 1D structural
transition as predicted from Eq. (22). The 4D configuration
in the chain with ten platelets is not stable and in the course
of the relaxation process it transforms to the 1D state. If the
external magnetic field is larger than 0.5 G, the 4D— 1D
structural transition occurs in shorter chains as predicted by
Eq. (22).

The magnetization of the structures with N=1,...,10
platelets is analyzed in Fig. 7. The three components of the
magnetization vector are shown by squares, dots, and tri-
angles. The dashed curve in Fig. 7 shows the magnetization
along the chain calculated using Eq. (21) with B=1.16
X108 A/m-T and Ny=9.98. The values of 8 and N, were
calculated from the magnetization of the chains with 1...9
platelets using the least-squares fitting method.

In an external magnetic field of 0.5 G the 4D configura-
tion in a chain with ten platelets is not stable. Therefore, the
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magnetization for this structure cannot be predicted using
Eq. (21), as also illustrated in Fig. 7.

It is worth noting that the y component of the magnetiza-
tion vector, M y (the coordinate frame is shown in Fig. 3), in
the 4D configurations is close to zero for chains with odd
number of platelets and is slightly negative for chains with
even number of platelets as can be seen from Figs. 5(b) and
7. This happens because the size of the domains with
y-directed magnetization in the outermost platelets is slightly
different from the size of the homothetic domains in the in-
ner platelets of the chain. In the chains with an odd number
of platelets the magnetization of the y-directed domains in
the two outermost platelets cancel each other because the
domains are equally sized and are oppositely directed (see
Fig. 4). In this case there is an even number of y-directed
domains inside the chain, which cancel each other pairwise.

In the chains with an even number of platelets, the mag-
netization of the y-directed domains in the two outermost
platelets points in the positive y direction (see Fig. 4). The
magnetization of the y-directed domains inside the chain is
larger than the magnetization of the y-directed domains in
the outermost platelets due to the stray field at the edge of
the chain. Thus, in a chain with N platelets, N—2 domains
inside the chain and two domains in the outermost platelets
point in the positive y direction, while N domains point in
the opposite direction. Consequently, in the chains with even
number of platelets the y-directed domains do not cancel
each other completely leading to a small negative value of
the total magnetization of the chain in the y direction [see
Figs. 5(b) and 7].

An important characteristic of the maghemite platelet
chain is the total energy of the system defined in Eq. (3).
Figure 8 shows the total energies calculated for structures
with different distributions of magnetic domains as a func-
tion of the number of platelets in the chain. The calculated
energies correspond to the stable configurations shown in
Figs. 4 and 6. Squares show the energies calculated for the
1D configurations shown in Fig. 4. In this computation the
chain was subdivided into 10X 10X 10 nm? elements. Dots
and triangles represent the results obtained for the 4D struc-
tures (see Figs. 4 and 6), which were subdivided into 10
X 10X 10 nm® and 20X20X20 nm® elements, respec-
tively.

Figure 8 shows that the 4D configurations are energeti-
cally favorable for short chains, while for chains with N
=35 the energy of the 1D configuration is lower. The energy
difference between the 4D and the 1D configurations with
N>5 increases with the number of platelets, and, as follows
from Eq. (22), at N=10 the 4D configuration becomes un-
stable: in the course of the relaxation process the 4D con-
figuration transforms to the 1D state. This is seen from Fig.
8, where the energy of a chain with ten platelets is consider-
ably lower than the energy of the 4D configuration with nine
platelets. Physically the transition at N=10 can be viewed as
follows: at N=10 the energy difference between the 4D and
the 1D configurations reaches a threshold value at which the
external magnetic field of 0.5 G, amplified by the chain,
causes the system in the 4D state to overcome the energy
barrier separating the 4D and the 1D configurations and to
populate the energetically favorable 1D state.
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FIG. 8. (Color online) The total energy of the maghemite plate-
let chains calculated using Eq. (3) for structures with different dis-
tributions of magnetic domains as a function of the number of plate-
lets in the system. The calculated energies correspond to the stable
structures shown in Figs. 4 and 6. Squares show the energies cal-
culated for the 1D configurations, while dots and triangles show the
results obtained for the 4D configurations. For the micromagnetic
computation the chains were subdivided into cubic elements of 10
X 10X 10 nm® (squares and dots) and 20X20X20 nm? (tri-
angles). The open triangle for N=10 corresponds to the energy cal-
culated for the structure shown in Fig. 6. The energy for this struc-
ture is shown by a different symbol because the structure with N
=10 cannot be considered as a 4D configuration, since in an exter-
nal magnetic field of 0.5 G the 4D configuration in a chain with ten
platelets is not stable.

For an efficient functioning of the magnetoreceptor, the
chain of maghemite platelets in the beak should have a non-
zero magnetization, which determines the force exerted on
the nerve cell membrane as was demonstrated in Ref. [24].
Figure 5(a) shows that the 1D configurations always have
magnetization close to the saturation value. The 1D configu-
rations in chains with N<<5 are energetically unfavorable
compared to the 4D configurations (see Fig. 8). Therefore,
the 4D configurations with N<5 are more likely to be ob-
served in the beak. However, the magnetization of these con-
figurations is less than 2% of the saturation value [see Fig.
5(b)], being not sufficient to produce a noticeable effect on
the nerve cell membrane in the beak of a bird. Therefore,
receptors with less than five platelets are expected to have a
minor role in the magnetoreception process at normal condi-
tions.

The energy of the chains with 5=N=9 is lower for the
ID structures, which shows that the 1D configurations for
these chain lengths are possible. However, depending on the
growth conditions of the maghemite platelet chains the 4D
structures with 5=N=9 platelets may also occur, even be-
ing energetically unfavorable. Figure 5(b) shows that the 4D
configurations with 5 =N =9 possess magnetization of about
1%—-15% from the saturation value. Therefore, the magne-
toreceptors with 5=N=09 platelets in the 1D state will pro-
duce a strong response to the external magnetic field, while
the receptors in the 4D state a relatively weak one.

For the chains with N=10 the 4D configurations become
unstable and the chain of maghemite platelets acquires a sig-
nificant magnetization close to the saturation magnetization
of maghemite. Magnetoreceptors with N= 10 are expected to
induce a detectable impact on the nerve cell membrane.
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Since the magnetization of such structures is close to the
saturation value, the forces transmitted to the nerve cell
membrane are about an order of magnitude larger than those
predicted in Ref. [24]. In that paper we used the value of the
saturation magnetization of maghemite for estimating the
transduced forces, which appears to be about eight times
smaller than the value of the saturation magnetization.

It is also worth noting that chains with ten platelets were
observed in the beak of birds. Figure 1 shows an electron
microscope picture of a structure recorded in the beak of a
homing pigeon [23], where ten platelets can be clearly iden-
tified. This fact supports strongly the idea that in the course
of the natural evolution the magnetoreceptors in the beak
have evolved to the sizes at which the magnetoreception is
the most efficient.

IV. CONCLUSION

There is less and less doubt that the iron-mineral-based
magnetoreception mechanism is related to the magnetic
sense in birds [22,23,27-29,32]. During the last years this
mechanism attracted significant attention because of the
novel experimental measurements, which allowed to formu-
late the underlying theoretical concepts [24-26,35]. A re-
cently developed model [24] was aimed to describe the mag-
netic field effects among iron-mineral containing particles in
the beak.

In Refs. [22,23,27-29] it was experimentally demon-
strated that the magnetoreceptor in the beak includes two
components: magnetic clusters attached to the nerve cell
membrane and chains of maghemite platelets aligned along
the dendrites. The chains of maghemite platelets are of cen-
tral importance for the magnetoreceptor organ in birds. The
functioning of the magnetoreceptor depends on the magneti-
zation of the chain and thus on the magnetic domain struc-
ture of the individual platelets. In earlier studies [24-26,35]
we used an estimate for the magnetization of a maghemite
platelet in order to describe the magnetoreceptor in birds. As
it now turns out, this description has to be considered as
qualitative. We had used the known value of the remanent
magnetization of maghemite, which provides the low border
estimate for the forces arising between magnetic particles in
the dendrite. Nevertheless, the forces were shown to be suf-
ficient to excite specific mechanoreceptive ion channels in
the membrane.

In the qualitative description it is possible to understand
the basic principles of the magnetoreception mechanism, but
for an in-depth analysis a quantitative study is important. In
this paper we went beyond the qualitative analysis and per-
formed a detailed investigation of the magnetic properties of
the maghemite platelets in a weak (i.e., the Earth’s) external
magnetic field. The results of the calculations demonstrate
that at certain conditions the magnetization of the maghemite
platelets is expected to be several times larger than was as-
sumed earlier [24-26,35] leading to a significant enhance-
ment in magnetoreception. Indeed, in Ref. [24] it was shown
that the pull on the nerve cell membrane depends on the
magnetization of the platelets. Therefore, increasing the
magnetization results in the increase in the probability to
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open specific mechanosensitive ion channels in the mem-
brane.

In this paper we studied how the magnetization of the
maghemite platelet chain depends on the number of platelets
in the system. We demonstrated that the structures in the
beak work as an efficient magnetic field amplifier, which
enhances the weak geomagnetic field in the dendrite leading
to a significant magnetization of the chain, comparable with
the saturation magnetization of the material. We showed that
chains with N<<5 platelets have a minor impact on the mag-
netoreception because the magnetization of the chain in this
case is negligibly small. For the chains with N=10 we pre-
dict a strong response of the iron-mineral-based magnetore-
ceptor to the geomagnetic field. The forces acting on the
nerve cell membrane in this case are about an order of mag-
nitude larger than those discussed in Ref. [24]. Thus, the
magnetoreceptor with ten (or more) platelets is expected to
respond efficiently to the small variations in the magnetic
field, which, for example, occur while moving through mag-
netic field anomalies.

This paper raises important questions for further theoret-
ical and experimental investigations. We demonstrated that
the number of platelets in the chain determines many prop-
erties of the magnetoreceptor. However, it is very unlikely
that all magnetoreceptors in the beak are identical. More
natural is that the number of platelets in different magnetore-
ceptors has a form of a distribution function, e.g., a Poisson
or a Gauss distribution. Depending on the quantity of mag-
netoreceptors with one, two, etc. platelets the birds may re-
spond to the external magnetic field, and its variations, in a
different way. Another question, which can be addressed ex-
perimentally, is the elemental analysis of the individual
platelets. Currently there is an ongoing debate about the con-
stituent material of the platelets. According to the x-ray ab-
sorption near-edge fine structure data the platelets consist of
maghemite [22,23,27-29], but there are also some alternative
suggestions [58]. Using the energy dispersive x-ray spectros-
copy method (see, e.g., Ref. [64]) it should be possible to
determine the ratio of different elements in the platelet which
would allow us to conclude about its material.

The paper opens a broad spectrum of questions for further
theoretical consideration. Among others it is important to
study how the increased external magnetic field (e.g., By=1,
3, 10 G,...) impacts on the magnetization of the maghemite
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platelet chains and therefore on the magnetoreception of a
bird. Such analysis allows to determine the “magnetic win-
dow,” i.e., the magnetic field intensities at which the magne-
toreception mechanism is functioning properly.

In this paper we demonstrated that applying an external
magnetic field along the maghemite platelet chain can induce
a structural transition in the domain structure of the system.
We considered an example of fixed field to illustrate the ba-
sic principles of the magnetic field amplification mechanism.
In further investigation it is important to study how the re-
orientation of external magnetic field influences the magnetic
domain structure of the platelet chain because this knowl-
edge could link the iron-mineral-based magnetoreceptor with
the compass sense in birds. Oblique magnetic field should
also be investigated, as the geomagnetic field can make any
angle with the chain axis.

Another step would be to study two- and three-
dimensional arrays of chains instead of a single chain, as
done in the present paper. This study is important, as in the
dendrite, in the beak of a bird apparently there are several
chains of platelets oriented roughly parallel to each other
[22,23,27-29]. Interactions between the platelets from differ-
ent chains such as the dipole-dipole interactions could affect
the critical number of platelets in a chain at which the 4D
configurations become unstable.

The results of the present paper also allow to study the
influence of small variations in the external field on the mag-
netoreception mechanism. This is important for the under-
standing of avian behavior at magnetic field anomalies,
where the birds usually become disoriented, but after a cer-
tain acclimation period can find the correct flight direction
[65-67]. The study of oscillating electromagnetic fields is
another important task, as it may lead to the suggestion of
new experiments for probing of the iron-mineral-based mag-
netoreception mechanism in birds.
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