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Ferromagnetic resonance spectra of linear magnetosome chains
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2Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation, Russian
Academy of Sciences, IZMIRAN, 108480, Troitsk, Moscow, Russia

Abstract The ferromagnetic resonance (FMR) spectra of oriented and non oriented assemblies of linear
magnetosome chains are calculated by solving the stochastic Landau—Lifshitz equation. The
dependence of the shape of the FMR spectrum of a dilute assembly of chains on the particle diameter,
the number of particles in a chain, the distance between the centers of neighboring particles, the mutual
orientation of the cubic axes of particle anisotropy, and the value of the magnetic damping constant is
studied. It is shown that FMR spectra of non oriented chain assemblies depend on the average particle
diameter at a fixed thickness of the lipid magnetosome membrane, as well as on the value of the
magnetic damping constant. At the same time, they are practically independent of the number N, of
particles in the chain under the condition N, > 10. The FMR spectra of non oriented assemblies of
magnetosome chains are compared with that of random clusters of interacting spherical magnetite
nanoparticles. The shape of FMR spectra of both assemblies is shown to differ appreciably even at
sufficiently large values of filling density of random clusters.

PACS: 75.20.-g; 75.50.Tt; 75.40.Mg
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1. Introduction

Magnetotactic bacteria are living organisms that grow within themselves magnetite
nanoparticles called magnetosomes [1-4]. In contrast to chemically synthesized magnetite
nanoparticles [5,6], magnetosomes have a perfect crystal structure, a narrow size distribution, and a
high saturation magnetization close to that of bulk magnetite. In particular, magnetotactic bacteria M.
gryphiswaldense produce linear chains of quasi-spherical magnetite nanoparticles with sizes ranging
from 30 to 50 nm [1,2,7-9]. However, there are also magnetotactic bacteria that produce elongated
magnetite nanoparticles [1,2,10,11].

A linear chain of uniformly magnetized magnetosomes grown inside a magnetotactic bacterium
is a kind of magnetic needle that helps the bacterium navigate in the weak Earth's magnetic field in
search of the best habitat [1-4]. Chains of magnetosomes are frequently found in weakly magnetized
fossil rocks and bottom sediments, the study of which provides valuable information about the
geological and biological past of the Earth [3,4,12,13]. Magnetosome assemblies are very promising
also for application in biomedicine [3,5]. The properties of magnetic nanoparticle assemblies are often
characterized by measuring ferromagnetic resonance (FMR) spectra [14,15]. The analysis of FMR
spectrum makes it possible to determine the effective magnetic field in the sample under study, which
depends on the particle saturation magnetization, the type of magnetic anisotropy, the direction of the
particle easy anisotropy axes, and other parameters. In addition, the FMR spectrum is sensitive to the
presence of magnetostatic interactions in dense assemblies of magnetic nanoparticles. Thus,
ferromagnetic resonance spectroscopy is a promising technique to study magnetic properties of
magnetosome assemblies [7-9,16-23]. However, the FMR spectra depend on many magnetic and
geometric parameters of the nanoparticles. Therefore, the interpretation of FMR spectra is a non-trivial
problem [16,17,20-25]. For correct interpretation of the FMR spectra, it is highly desirable to use the
results of detailed micromagnetic modeling, which takes into account the main physical factors
affecting the FMR spectra, including the effect of strong magneto-dipole interaction in magnetosome
chains.



Both magnetosomes grown in the laboratory by various types of magnetotactic bacteria [7-
9,16-19] and particles found in natural samples of silt and lake sediments [16,17,20-23] are
experimentally studied. It is important that the experimental FMR spectra of magnetosome chains have
characteristic differences from that of assemblies with a random arrangement of nanoparticles in the
sample [7,16-23]. This helps to detect the presence of magnetosome chains in a natural sample, which
is important for paleomagnetic studies. Nevertheless, the problem of comparing the FMR spectra of
magnetosome chains and random assemblies of magnetite nanoparticles is far from a complete
solution and requires further investigation.

Note that the theoretical description of the FMR spectra of assemblies of magnetosome chains
is carried out, as a rule, on the basis of simplified models [22-25], in which the behavior of a
magnetosome chain in an alternating (ac) high-frequency magnetic field is replaced by the behavior of
a uniformly magnetized ellipsoid with an appropriately selected demagnetizing factor. As a result,
important information about the internal geometry of the chain, that is, about the particle diameters, the
number of particles in the chain, the characteristic distance between the particle centers, the mutual
orientation of the particle cubic anisotropy axes, etc., is completely lost. In addition, in the approach
[22-25], only the position of the resonance peak is actually calculated, whereas the shape of the
resonance curve is assumed to be Lorentzian or Gaussian, the width of the curve being an adjustable
parameter. Obviously, based on such a simplified model, it is practically impossible to obtain
information about the internal geometry of the chain and a number of particle magnetic parameters.

It has been shown recently [26-28] that the true geometry of the magnetosome chains has a
great influence on the magnetostatic properties of the chain assembly. In this regard, it should be noted
that the correct calculation of the FMR spectra of magnetic nanoparticles assemblies can be carried out
by solving the stochastic Landau—Lifshitz equation [29-35]. This approach makes it possible, when
calculating the FMR spectra, to take into account all the details of the geometric structure of
magnetosome chains, the influence of strong magnetic dipole interaction between the particles of the
chain, as well as the effect of thermal fluctuations of magnetic moments of nanoparticles at a finite
temperature.

Using this approach, in this paper the FMR spectra of oriented assemblies of linear chains of
quasi-spherical magnetosomes are calculated depending on the direction of the external magnetizing
field with respect to the common axis of the chains, the FMR spectra of randomly oriented assemblies
being obtained by the corresponding angle-averaging. Various types of mutual orientation of cubic
easy anisotropy axes of the chain particles are considered. The FMR spectra of randomly oriented
assemblies of magnetosome chains are compared with that of random clusters of interacting spherical
magnetite nanoparticles. The theoretical results obtained seem to be helpful for correct interpretation
the large amount of experimental data [1-4,7-9,16-23] accumulated to date for assemblies of
magnetosome chains.

2. Numerical simulation

Consider a dilute assembly of linear chains of magnetosomes consisting of Np spherical
nanoparticles of average diameter D. Dynamics of the unit magnetization vector @ of i-th single-

domain nanoparticle of the chain is governed by stochastic Landau-Lifshitz equation [29-32]

oa; _ (. .

ot =0 X (Hef,i + ch,i)_Kylai X(ai X (Hef,i + ch,i)), =12, .Np, 1)
where yis the gyromagnetic ratio, y1 = y/(1+#°), xis the magnetic damping constant, f,, is the effective
magnetic field and H,; is the thermal field. The effective magnetic field acting on a separate

nanoparticle can be calculated as a derivative of the total chain energy W = W + Wig + W7
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The cubic magneto-crystalline anisotropy energy of FezO4 nanoparticles is
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where V = zD?/6 is the volume of spherical particle, K is the cubic anisotropy constant, and (exi, €2i,
esi) Is the set of orthogonal unit vectors that determine the spatial orientations of the cubic easy
anisotropy axes of i-th nanoparticle of the chain.
For nearly spherical uniformly magnetized nanoparticles the magnetostatic energy of the chain
can be represented as the energy of the point interacting dipoles located at the particle centers r;
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where nijj is the unit vector along the line connecting the centers of i-th and j-th particles, respectively.
Zeeman energy of the assembly in a applied magnetic field H and a weak perpendicular ac
magnetic field Hisin(at) is given by
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where @ = 2#f is the angular frequency of the ac magnetic field.
The thermal fields H,; acting on various nanoparticles of the chain are statistically

independent, with the following statistical properties [29] of their components
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Here kg is the Boltzmann constant, oz is the Kroneker symbol, and &t) is the delta function.
It is well known [14,15,33-35] that the power absorbed by the assembly per unit time and per
unit volume is proportional to the area of the assembly hysteresis loop
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where m is the reduced magnetic moment of the assembly. To numerically calculate the power
absorbed by an assembly of superparamagnetic nanoparticles in ac magnetic field Ha(t), it is
convenient to rewrite Eq. (7) in the form of the time-averaged integral
LR,
—|m
At ¢ dt
where At is a certain time interval significantly exceeding the period of oscillations of the ac magnetic
field, 7 = 2n/w. On the other hand, using the small amplitude of the ac magnetic field, the same

quantity can be expressed in terms of the imaginary part of the magnetic susceptibility of the assembly
[15, 36]

P=M,

dt, (8)

P=nfy"(H, f)H]. (9)
Comparison of Egs. (8) and (9) makes it possible to obtain the imaginary part of the magnetic
susceptibility;(”(H, f ) of the assembly as a function of the magnetizing field H.

In this paper the calculation of the specific absorbed power is carried out using equation (8) for
dilute assemblies of linear chains of magnetosomes with saturation magnetization Ms = 460 emu/cm?®
and cubic magnetic anisotropy constant K¢ = - 1.1x10° erg/cm?® [37]. The average diameter of particles
in a chain varied in the range D = 20-40 nm, the number of nanoparticles in chain N, = 5 -30, the
magnetic damping constant is taken as x = 0.05-0.5. The frequency of ac magnetic field exciting the
resonance is f = 4.9 GHz (S-band) or f = 9.8 GHz (X-band), the amplitude of a weak ac magnetic field
is H1 = 10 Oe.

For completeness of the study, we considered several characteristic types of mutual orientation
of the cubic anisotropy axes of the nanoparticles in a chain. For the case of a completely random
orientation of the cubic axes (index R), the set of orthogonal unit vectors (eui, €2i, €3i), i1 = 1,2, ..., Np is
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randomly oriented in each nanoparticle. The case when one of the cubic easy anisotropy axes of each
particle is parallel to the chain axis is denoted below by the index E. In this case, the directions of the
other cubic anisotropy axes of the particles are randomly oriented. Similarly, the case when one of the
hard axes of cubic anisotropy is parallel to the chain axis, while the other axes are randomly oriented,
is denoted below by the index H.

To obtain statistically significant results, the FMR spectra of a chain assembly are averaged
over a sufficiently large number of independent numerical experiments, Nexp = 20-30. In each
experiment, a new linear chain of N, interacting spherical magnetite nanoparticles was created, the
directions of the cubic anisotropy axes of particles being oriented according to the accepted chain
anisotropy.

When solving the stochastic Landau-Lifshitz equation, the numerical time step is kept to be
1/30 of the characteristic precession period of the unit magnetization vectors of the particles, m ~
1/71Her. Such a small time step is necessary to accurately describe the precession of unit magnetization
vectors in the chain. In addition, the total time interval of the calculation covered at least 200 periods
of the ac magnetic field, while the time averaging of the integral in Eq. (8) occurred only over the last
quarter of the total number of periods, when the dynamics of the unit magnetization vectors of the
particles became stationary. Thus, the time interval 4t in Eq. (8) exceeds 50 periods of ac magnetic
field. Averaging the numerical results for the absorbed power of the assembly over a sufficiently long
time interval 4t and over a fairly representative set Nexp Of independent realizations of chains with a
fixed number of nanoparticles and type of chain anisotropy accepted makes it possible to obtain
statistically significant results for the magnetic susceptibility of a dilute assembly of linear chains.

3. Results and discussion

An analysis of transmission electron microscope (TEM) images [1,2,8,38,39] shows a fairly
large variability in the geometry of magnetosome chains created by bacteria of various strains.
Namely, the average diameter of particles, the characteristic distance between their centers, the
average number of particles in a chain, etc., change depending on the bacteria strains. Therefore, it is
important to study the dependence of the FMR spectra on the specified chain geometric parameters. In
this paper, we restrict ourselves to detailed modeling of the FMR spectra of chains of quasi-spherical
magnetosomes with diameters in the range D = 20-40 nm. An important geometrical parameter of the
chain is also the average distance a between the centers of particles in the chain, since this distance
determines the amplitude of the dipole field Haip, acting between the particles of the chain. Based on
the TEM data [1,2,7,8,38,39], it can be concluded that the nearest distance between the surfaces of
neighboring spherical particles is the sum of the thicknesses of the magnetosome shells 2Ten, where Ten
=4 - 6 nm is the characteristic thickness of the lipid magnetosome shell. The latter, apparently, weakly
depends on the nanoparticle diameter. If this hypothesis is correct, then the average distance between
the particle centers in a chainisa =D + 2Ten.

When modeling the FMR spectra of magnetosome chains, it is important to choose the
adequate magnetic damping constant x of magnetic nanoparticles. Unfortunately, experimental data for
this quantity for assemblies of magnetic nanoparticles are scarce [40]. Due to the well-known
perfection of the crystal structure and shape of magnetosomes, in this paper the most of the
calculations are carried out for the case of moderate damping, « = 0.05 - 0.1, but the case of high
damping, x = 0.3, 0.5, is also briefly considered. Note that it is experimentally possible [9,41] to create
dilute assemblies of magnetosome chains oriented in one direction in a strong external magnetic field.
This makes it possible to obtain FMR spectra for oriented assemblies of magnetosome chains
depending on the angle of an external magnetic field with respect to the common orientation axis of
the chains [9]. As will be shown below, the FMR spectra of oriented chain assemblies strongly depend
on the specific geometric structure and magnetic characteristics of magnetosomes.

In this work, we first calculate the FMR spectra of oriented assemblies of chains as a function
of the angle @ of the external magnetic field with respect to the orientation axis of the chains. The
spectrum of the randomly oriented assembly of chains was then calculated by the angle averaging of
partial FMR spectra calculated with a fairly small step A@ ~ 5-7.5°. Further we discuss the effect of
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geometric and magnetic parameters on the FMR spectra of oriented and non oriented dilute assemblies
of chains of quasi-spherical magnetosomes. The numerical results obtained are presented as
dependences of the magnetic susceptibility of a chain assembly on its geometric and magnetic
parameters, since the magnetic susceptibility is a fundamental physical quantity that characterizes the
magnetic properties of the assembly.
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Figure 1: (a)-(c) Comparison of FMR spectra of oriented chains of magnetosomes with different
particle diameters D for angles 8 =5°, 45° and 75°, respectively. The number of particles in the chain
Np = 20, the magnetic damping constant x = 0.1. (d) The influence of the FMR spectrum on the
number of particles in the chain Np. (¢) Dependence of the FMR spectra on the value of the magnetic
damping constant x. The thickness of the lipid membrane of magnetosomes is Ten = 4 nm, the
frequency of the ac magnetic field is f = 4.9 GHz (S-band). The chain anisotropy is of type E for Fig.
la-1c and type R for Figs 1d, 1e, respectively.

Figs. 1la-1c show the dependence of the FMR spectra of an oriented assembly of chains on the
particle diameter D at a fixed thickness of the lipid shell Ten = 4 nm and at different directions of the
magnetizing field with respect to the orientation axis of the assembly, & = 5°, 45° and 75°,
respectively. As shown in Figs. 1a, 1b, the dependence of the position of the resonance peak on the
particle diameter is most pronounced at angles & < 45°, but it becomes insignificant at & > 75°. For
example, according to Fig. 1a, at 8= 5° the resonance peak for chains with diameter D = 25 nm occurs
at H = 760 Oe, while for chains with D = 40 nm the resonance field is much lower, H = 530 Oe. To
explain this effect, it is worth noting that the dipole field in the middle part of a long chain magnetized

along its axis can be estimated as H, = (27/3)M£(3)/(1+2T,, /D), where ¢(3) ~ 1.2 is the value of

Riemann zeta function [42]. With a shell thickness Ten = 4 nm, from this formula one obtains Haip =
503 Oe at D = 25 nm, and Haip = 670 Oe for D = 40 nm, respectively. Thus, for small angles & the
dipole field acting along the chain axis decreases as a function of particle diameter. Accordingly, the
FMR peak for a chain of particles of smaller diameter should be observed in a larger magnetizing field.

As Fig. 1e shows, with an increase in the number of particles in the chain from 5 to 20, the
position of the FMR resonance peak shifts to lower fields, but for Np > 20 the position and shape of the
FMR resonance peak remain practically unchanged. Calculations show that the characteristic value of
the dipole field Hgi, Stabilizes already on the first two or three periods of the chain and does not depend
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on its length. According to the experimental data [1,7,19], in the chains of M. gryphiswaldense
bacteria the characteristic number of magnetosomes is Np = 20 - 25. Therefore, in this work most of the
calculations were carried out for the magnetosome chains with Np = 20.

As noted above, the experimental data on the value of magnetic damping constant in
assemblies of magnetic nanoparticles are scarce. Since magnetosomes grow inside a bacterium under
strict genetic control, they turn out to be the most perfect magnetic particles in terms of their crystal
structure and shape. Therefore, it is reasonable to assume that the magnetic damping constant for
magnetosomes takes relatively small values, x < 0.1. These values were mainly used in the
calculations. However, the value of the magnetic damping constant has a strong influence on the shape
of the FMR spectrum peak. As Fig. 1f shows, as x increases, the position of the FMR peak does not
change, but its height decreases significantly, while the peak width increases.

There are convincing arguments [41] that E-type anisotropy is realized in magnetosome chains
as a rule. This means that one of the equivalent cubic easy anisotropy axes of every particle is parallel
to the chain axis. It is agued [41] that as the chain grows, new magnetosomes sequentially appear at the
ends of the chain and their formation occurs in a strong dipole field directed along the chain axis. On
the other hand, it was shown [39] that the formation of magnetosomes in a bacterium can occur
simultaneously in many germ vesicles along its length. In this case, it is not clear what reason can lead
to the occurrence of E-type correlated anisotropy in the chain. Rather, one would expect a random
orientation of the cubic anisotropy axes of individual nanoparticles, that is, the formation of R-type
chain anisotropy. Note that different types of chain anisotropy can be modeled by choosing properly
the orientation of the reference vectors (eii, €2, €3i) of individual nanoparticles of the chain in Eq. (2).
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Figure 2: Dependence of the FMR spectra of an oriented assembly of chains on the relative orientation
of the cubic anisotropy axes in the particles of the chain for different directions of the magnetizing
field: (a) 8 = 15° (b) € = 45° and (c) & = 75° Indexes mark various types of chain anisotropy: R
corresponds to random chain anisotropy, E - one of the cubic easy axes is parallel to the chain axis, H -
one of the hard axes is parallel to the chain axis.

In Fig. 2 we compare the FMR spectra of dilute oriented assemblies of magnetosome chains
with different mutual orientations of the cubic anisotropy axes of individual particles within the chain
for some directions of the magnetizing field. The number of particles in chains Np = 20, particle
diameter D = 40 nm, membrane shell thickness Ten = 4 nm, magnetic damping constant x = 0.1. As
Fig. 2 shows, the greatest difference in the position of the FMR peaks for chains with different types of
anisotropy is observed at angles 8 < 15° In addition, the height of the FMR peak for chains with
random anisotropy turns out to be noticeably smaller than that for E and H anisotropy types,
respectively. Thus, the type of chain anisotropy can have an effect on the shape of the FMR spectrum
of an assembly of magnetosome chains.

Let us now turn to the description of the FMR spectra of dilute non oriented assemblies of
magnetosome chains. The latter were obtained by averaging partial FMR spectra of oriented
assemblies over the azimuthal angle 6. Note that the FMR spectra of chains are averaged over the
declination ¢ even at the stage of calculating the FMR spectra of oriented assemblies, since for any
type of chain anisotropy, the orientation of the cubic anisotropy axes in directions perpendicular to the
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chain axis is random. The calculations presented in Fig. 3 are carried out for the chain anisotropy of
type E, since this anisotropy type prevails [41], apparently, for quasi-spherical magnetosomes M.
gryphiswaldense.
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Figure 3: (a) Formation of the FMR spectrum of a non oriented assembly of magnetosome chains
(black dots) as a result of angle averaging of partial FMR spectra of oriented assemblies calculated for
various 6 angles (solid color curves). (b) Comparison of the FMR spectrum of a non oriented assembly
of magnetosome chains with the FMR spectra of a random assembly of magnetite clusters with
different filling density 7. (c), (e) Dependence of the magnetic susceptibility of non oriented chain
assembly on the damping constant « at a fixed magnetosome diameter D = 35 nm, and on the average
magnetosome diameter at a fixed value of x=0.075, respectively. Figs. 3a, 3b — S band, Figs. 3c, 3d -
X band.

Fig. 3a explains the formation of the FMR spectrum of a non oriented assembly of
magnetosome chains with E-type anisotropy (black dots) upon averaging partial FMR spectra of
oriented assemblies over the angle 6. Partial FMR spectra at some angles 6 are shown in Fig. 3a as
solid colored curves. The number of particles in chains Np = 20, particle diameter D = 40 nm,
membrane shell thickness Ten = 5 nm, magnetic damping constant = 0.1. To obtain FMR spectrum of
randomly oriented chain assembly partial FMR spectra were averaged with a step A9 = 5°. As Fig. 3a
shows, with an increase in the tilt angle of the magnetizing field & from 0 to 75°, the peak of resonant
absorption of the oriented assembly of chains shifts towards higher field values. Simultaneously, the
peak height decreases.

The shift in the position of the resonant peak of the oriented assembly is a consequence of the
weakening of the component of the dipole field Haip, which acts in the direction of the magnetizing
field H, when the magnetic moments of the particles deviate from the axis of the chain. However, as

7



the angle increases, 8 > 75° when the magnetic moments of nanoparticles in a sufficiently strong
magnetizing field become almost perpendicular to the chain axis, the position of the FMR peak does
not shift further, whereas the magnetic susceptibility of the assembly increases. As Fig. 3a shows, due
to the angle dependence of partial FMR peaks, the FMR spectrum of non oriented assembly of
magnetosome chains is much wider than the width of the peaks of individual partial FMR spectra. This
is a characteristic property of the FMR spectrum of non oriented assembly of magnetosome chains,
which distinguishes it from the FMR spectra of random assemblies of magnetite nanoparticles.

To confirm this conclusion, in Fig. 3b we compare the FMR spectrum of the non oriented
assembly of chains shown in Fig. 3a, with the FMR spectra of a random assembly of clusters of
interacting magnetite nanoparticles calculated for different cluster filling densities 7 = NpV/V¢1. Here,
Va is the volume of a random cluster containing Ny = 60 spherical magnetite nanoparticles of the same
diameter D = 40 nm, randomly located in the cluster volume and having a random orientation of the
cubic anisotropy axes. As Fig. 3b shows, the width of the FMR spectra of dilute assemblies of random
clusters increases with an increase in the filling density » due to an increase in the intensity of the
magneto-dipole interaction within the clusters. For example, at 7 = 0.308, when the average distance

between particle centers in a dense random cluster is rather small, L =(z/67)°D ~1.2D, the width of

the FMR spectrum of the assembly of random clusters at half maximum is approximately AH = 1000
Oe. Nevertheless, the width of FMR spectrum of non oriented assembly of chains at half maximum is
much wider than this spectrum. It is approximately given by AH = 1800 Oe. In addition, the shape of
FMR spectrum of assembly of non oriented chains differs from the spectra of assemblies of random
clusters by the presence of two local peaks at the fields H = 750 Oe and H = 2250 Oe, respectively.

In Fig. 3c we compare the FMR spectra of assemblies of non oriented magnetosome chains
with fixed diameter D = 35 nm for various values of the magnetic damping constant x = 0.05, 0.075,
and 0.1, respectively. Obviously, with decreasing x, the height of the magnetic susceptibility peak of
the assembly increases, while the peak width somewhat decreases. On the other hand, as Fig. 3e
shows, at a fixed value of x, the height of the magnetic susceptibility peak decreases with increasing
particle diameter. Note that the absorption peaks in Figs. 3c, 3e are shifted to the right, since in a non
oriented assembly of chains the probability of finding a chain oriented at angle 8 to the magnetizing
field direction is proportional to sinddé. It is increasing function of ¢ in the range 0 < & < 90°.

Based on the data given in Figs. 3c, 3e, one can conclude that the FMR spectra of assemblies of
non oriented chains of magnetosomes depend significantly on the value of the magnetic damping
constant «, and at a fixed thickness of the lipid shell of magnetosomes, on the average particle
diameter D. At the same time, the calculations performed show that the dependence of the FMR
spectra of non oriented assemblies of chains is practically independent of the number of particles in the
chain under the condition Np > 10.

Fig. 4 shows the derivatives of the magnetic susceptibility with respect to the magnetizing field
for non oriented assemblies of linear chains of quasi-spherical magnetosomes. Spectra of this type are
usually measured in ferromagnetic resonance experiments on assemblies of magnetic nanoparticles [7-
9, 16-23]. As Fig. 4a shows, the depth of the sharp negative peak at H ~ 4000 Oe, which is typical for
non oriented assemblies of linear chains of magnetosomes [7-9, 16-18], depends significantly on the
value of the magnetic damping constant. At the same time, according to Fig. 4b, the position of this
negative peak depends on the average diameter of the nanoparticles in the chain.
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Figure 4: Derivatives of the magnetic susceptibility with respect to the magnetizing field for non
oriented assemblies of linear chains of quasi-spherical magnetosomes: (a) dependence of the spectra
on the magnetic damping constant at a fixed average nanoparticle diameter D = 35 nm, (b) dependence
of the spectra on the nanoparticle diameter at magnetic damping constant x = 0.075.

4. Conclusions

In this paper the FMR spectra of oriented and non oriented assemblies of magnetosome chains
are calculated by solving the stochastic Landau—Lifshitz equation. Calculations of imaginary
component of high-frequency magnetic susceptibility of assemblies in a magnetizing field are carried
out with a small time step, which is 1/30 of the characteristic precession time of the particle unit
magnetization vectors. In addition, the power absorbed by the assembly is averaged over a sufficiently
large number of periods of the ac magnetic field due to the stochastic dynamics of the unit
magnetization vectors. This makes it possible to obtain statistically reliable results for the high-
frequency magnetic susceptibility of a dilute assembly of linear chains of magnetosomes.

In this paper, in contrast to the simplified models [22-25], it is shown that using the solution of
the stochastic Landau—Lifshitz equation one can take into account all the important details of the
geometric structure of magnetosome chains, which significantly affect the shape of the FMR spectrum
of a chain assembly. For a fixed thickness of the lipid membrane of magnetosomes the FMR spectra of
both oriented and non oriented chain assemblies are shown to depend on the average particle diameter.
However, the dependence of the FMR spectra on the number of particles in the chain appears only for
short, dangling chains, with the number of particles N, < 10. We also studied the dependence of the
FMR spectra of oriented chain assemblies on the mutual orientations of the cubic easy anisotropy axes
of particles along the chain. It is found that for chains with a random orientation of the cubic easy axes
the height of the FMR peak is noticeably smaller than that for the other anisotropy types considered. It
is also found that the FMR spectrum of a chain assembly essentially depends on the value of the
phenomenological magnetic damping constant. Finally, the FMR spectra of non oriented assemblies of
magnetosome chains were compared with the FMR spectrum of a dilute assembly of random clusters
of spherical nanoparticles with different cluster filling density 7. With an increase #, that is, with an
increase in the intensity of the magneto-dipole interaction in the clusters, the width of the FMR peak of
an assembly of random clusters increases significantly. Nevertheless, it remains much smaller than the
peak width of an assembly of chains even for a very dense clusters with 7 = 0.308, when the average
distance between the particle centers in the cluster isonly L = 1.2 D. The shape of the FMR spectra for
the two types of assemblies considered also differs.

The information obtained in this paper may help improve the interpretation of the FMR spectra
of various assemblies of magnetic nanoparticles.



References

1. Faivre, D.; Schiiler, D. Chem. Rev. 2008, 108, 4875-4898. d0i:10.1021/cr078258w

2. Lefevre, C. T.; Bazylinski, D. A. Microbiol. Mol. Biol. 2013, 77, 497-526.
d0i:10.1128/mmbr.00021-13

3. Gareev, K. G.; Grouzdev, D. S.; Kharitonskii, P. V.; Kosterov, A.; Koziaeva, V. V.; Sergienko, E.
S.; Shevtsov, M. A. Magnetochemistry 2021, 7, 86. doi:10.3390/magnetochemistry7060086

4. Goswami, P.; He, K.; Li, J.; Pan, Y.; Roberts, A. P.; Lin, W. npj Biofilms and Microbiomes 2022, 8.
d0i:10.1038/s41522-022-00304-0

5. Périgo, E. A.; Hemery, G.; Sandre, O.; Ortega, D.; Garaio, E.; Plazaola, F.; Teran, F. J. Appl. Phys.
Rev. 2015, 2, 041302. doi:10.1063/1.4935688

6. Unni, M.; Uhl, A. M.; Savliwala, S.; Savitzky, B. H.; Dhavalikar, R.; Garraud, N.; Arnold, D. P;
Kourkoutis, L. F.; Andrew, J. S.; Rinaldi, C. ACS Nano 2017, 11, 2284-2303.
doi:10.1021/acsnano.7b00609

7. Fischer, H.; Mastrogiacomo, G.; Loffler, J. F.; Warthmann, R. J.; Weidler, P. G.; Gehring, A. U.
Earth and Planetary Science Letters 2008, 270, 200—208. doi:10.1016/j.epsl.2008.03.022

8. Abracado, L. G.; Wajnberg, E.; Esquivel, D. M. S.; Keim, C. N.; Silva, K. T.; Moreira, E. T. S;
Lins, U.; Farina, M. Phys. Biol. 2014, 11, 036006. doi:10.1088/1478-3975/11/3/036006

9. Ghaisari, S.; Winklhofer, M.; Strauch, P.; Klumpp, S.; Faivre, D. Biophys. J. 2017, 113, 637-644.
d0i:10.1016/j.bpj.2017.06.031

10. Lefevre, C. T.; Posfai, M.; Abreu, F.; Lins, U.; Frankel, R. B.; Bazylinski, D. A. Earth and
Planetary Science Letters 2011, 312, 194-200. doi:10.1016/j.epsl.2011.10.003

11. Chariaou, M.; Rahn-Lee, L.; Kind, J.; Garcia-Rubio, I.; Komeili, A.; Gehring, A. U. Biophys. J.
2015, 108, 1268-1274. doi:10.1016/j.bpj.2015.01.007

12. Dunlop, D.J.; Ozdemir, O. Rock Magnetism: Fundamentals and Frontiers; Cambridge Univ. Press:
New York, 1997.

13. Kopp, R. E.; Kirschvink, J. L. Earth-Sci. Rev. 2008, 86, 42-61.
doi:10.1016/j.earscirev.2007.08.001

14. Morrish, A.H. The physical principles of magnetism; J. Wiley: New York, 1965.

15. Gurevich, A.G.; Melkov G.A. Magnetization oscillations and waves; CRC Press: 1996.

16. Weiss, B. P.; Sam Kim, S.; Kirschvink, J. L.; Kopp, R. E.; Sankaran, M.; Kobayashi, A.; Komeili,
A. Earth and Planetary Science Letters 2004, 224, 73-89. doi:10.1016/j.epsl.2004.04.024

17. Kopp, R. E.; Nash, C. Z.; Kobayashi, A.; Weiss, B. P.; Bazylinski, D. A.; Kirschvink, J. L. J.
Geophys. Res.: Solid Earth 2006, 111. doi:10.1029/2006jb004529

18. Kopp, R.; Weiss, B.; Maloof, A.; Vali, H.; Nash, C.; Kirschvink, J. Earth and Planetary Science
Letters 2006, 247, 10-25. doi:10.1016/j.epsl.2006.05.001

19. Mastrogiacomo, G.; Fischer, H.; Garcia-Rubio, I.; Gehring, A. U. J. Magn. Magn. Mater. 2010,
322, 661-663. d0i:10.1016/j.jmmm.2009.10.035

20. Kind, J.; Gehring, A. U.; Winklhofer, M.; Hirt, A. M. Geochemistry, Geophysics, Geosystems
2011, 12. d0i:10.1029/20119gc003633

21. Kind, J.; Raden, U. J. van; Garcia-Rubio, I.; Gehring, A. U. Geophys. J. Int. 2012, 191, 51-63.
d0i:10.1111/j.1365-246x.2012.05620.x

22. Gehring, A. U.; Kind, J.; Charilaou, M.; Garcia-Rubio, I. J. R. Soc. Interface 2013, 10, 20120790.
d0i:10.1098/rsif.2012.0790

23. Blattmann, T. M.; Lesniak, B.; Garcia-Rubio, I.; Charilaou, M.; Wessels, M.; Eglinton, T. |;
Gehring, A. U. Earth and Planetary Science Letters 2020, 545, 116400.
d0i:10.1016/j.epsl.2020.116400

24. Charilaou, M.; Winklhofer, M.; Gehring, A. U. J. Appl. Phys. 2011, 109. doi:10.1063/1.3581103
25. Charilaou, M. J. Appl. Phys. 2017, 122. doi:10.1063/1.4987034

26. Chang, L.; Harrison, R. J.; Berndt, T. A. Earth and Planetary Science Letters 2019, 527, 115790.
d0i:10.1016/j.epsl.2019.115790

27. Berndt, T. A.; Chang, L.; Pei, Z. Earth and Planetary Science Letters 2020, 532, 116010.
d0i:10.1016/j.epsl.2019.116010

10



28. Amor, M.; Wan, J.; Egli, R.; Carlut, J.; Gatel, C.; Andersen, I. M.; Snoeck, E.; Komeili, A. J.
Geophys. Res. Solid Earth 2022, 127. doi:10.1029/2021jb023239

29. Jr. Brown, W.F. Phys. Rev. 1963, 130, 1677. doi: 10.1103/PhysRev.130.1677

30. Garcia-Palacios, J. L.; Lézaro, F. J. Phys. Rev. B 1998, 58, 14937-14958.
doi:10.1103/physrevb.58.14937

31. Scholz, W.; Schrefl, T.; Fidler, J. J. Magn. Magn. Mater. 2001, 233, 296-304. doi:10.1016/s0304-
8853(01)00032-4

32. Usov, N.A.; Grebenshchikov, Yu.B. In Magnetic nanoparticle; S.P. Gubin, S.P., Ed.; Wiley-VCH:
2009; pp 303-347.

33. Usadel, K. D. Phys. Rev. B 2006, 73. doi:10.1103/physrevb.73.212405

34. Sukhov, A.; Usadel, K. D.; Nowak, U. J. Magn. Magn. Mater. 2008, 320, 31-35.
doi:10.1016/j.jmmm.2007.05.001

35. Usov, N. A.; Serebryakova, O. N. Sci. Rep. 2022, 12. doi:10.1038/s41598-022-07105-7

36. Rosensweig, R. E. J. Magn. Magn. Mater. 2002, 252, 370-374. doi:10.1016/s0304-
8853(02)00706-0

37. Bickford, L. R. Phys. Rev. 1950, 78, 449-457. doi:10.1103/physrev.78.449

38. Alphandéry, E.; Ding, Y.; Ngo, A. T.; Wang, Z. L.; Wu, L. F.; Pileni, M. P. ACS Nano 2009, 3,
1539-1547. doi:10.1021/nn900289n

39. Komeili, A.; Vali, H.; Beveridge, T. J.; Newman, D. K. Proceedings of the National Academy of
Sciences 2004, 101, 3839-3844. doi:10.1073/pnas.0400391101

40. Coffey, W. T.; Crothers, D. S. F.; Dormann, J. L.; Kalmykov, Yu. P.; Kennedy, E. C,;
Wernsdorfer, W. Phys.I Rev. Lett. 1998, 80, 5655-5658. doi:10.1103/physrevlett.80.5655

41. Kornig, A.; Winklhofer, M.; Baumgartner, J.; Gonzalez, T. P.; Fratzl, P.; Faivre, D. Adv. Funct.
Mater. 2014, 24, 3926-3932. doi:10.1002/adfm.201303737

42. Abramowitz, M.; Stegun, I.A. Handbook of Mathematical Functions; National Bureau of
Standards: 1964.

11



	Cover
	Manuscript

