MUXWORTHY: BULLERWELL LECTURE

The role of magnetic
interactions in
natural systems

Inter-particle magnetic
interactions between crystals in
natural systems strongly affect
their magnetic response. In the
Bullerwell Lecture 2011, Adrian
Muxworthy discusses how these
interactions affect our ability to
recover from rocks information
about the ancient geomagnetic
field behaviour, plate tectonics
and palaeogeography, and

how magnetotactic bacteria
utilize interactions to improve
navigational efficiency.

to construct systems with limited or well-

understood magnetic interactions, in strik-
ing contrast to Nature where we find complex
magnetic systems that are far from ideal mag-
netic recorders. However, the contribution and
understanding of these magnetic interactions
have largely been ignored by the mineral-
magnetic and palaeomagnetic community
because the problem is highly nonlinear; in
many natural systems it is argued that the role
of magnetic interactions is limited. Nonethe-
less, in recent years, with the development of
new instruments and synthesis techniques by
the material science community and the great
advances in computational hardware, it is now
possible to try to understand these systems.

In this article I give an overview of the types of
different interactions found in natural systems,
and how we study them. I present data from a
number of studies and finally will discuss how
magnetic interactions found in living organisms
can enhance navigational capability.

In the material science world it is possible

Magnetic domain states

Magnetic interactions between particles depend
on the magnetic states of the particles. The
smallest magnetic grains have near-uniform
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1: Magnetic domain structures in cubo-octahedral grains of magnetites obtained using
micromagnetic modelling. The magnetization is coloured according to vorticity that highlights
non-uniform structures. Grains smaller than 80nm are in the single domain (SD) state. Above
80nm a vortex state is nucleated. This vortex state persists for a large range of grain volumes
with more complex states starting to emerge above 1000nm. When SD particles are smaller

than a critical (blocking) volume (~30nm for magnetite at room-temperature) they are no longer
magnetically stable because thermal energy can easily overcome the energy barrier that
prevents domain switching. Such particles have superparamagnetic behaviour; they retain no
magnetic remanence. All these domain-states are common in Nature though only non-interacting
stable SD grains carry a reliable magnetic remanence; magnetically interacting SD grains also do

not reliably record the field.

magnetization as all their atomic magnetic
moments are aligned parallel to each other:
such structures are termed single domain
(SD) (see figure 1a). In larger grains the mag-
netic structure breaks up into discrete regions
separated by magnetic domain walls, and are
termed multidomain (MD) (figure 1d). Small
MD grains, above the SD/MD threshold size
(~100nm for magnetite) display SD-like char-
acteristics though they have non-uniform
magnetizations, and are often referred to as
pseudo-single domain (PSD). Small PSD grains
commonly have “vortex” structures, consist-
ing of a curling outer region with a central core
(figures 1b and 1c).

Dynamic and static interactions

In systems of interacting grains, both super-
paramagnetic (SP) grains, that do not retain
magnetic remanence and stable domain states
(i.e. SD, PSD and MD grains), contribute to the
interaction field. The magnetic interaction field
generated by a stable grain is constant during
the rotation or structural change of a neigh-
bouring grain’s internal magnetic structure.
This makes it possible to treat magnetic inter-
action fields arising from stable domain states
grains as effectively static (Spinu and Stancu

1998), and for modelling purposes we can treat
the interaction field like a variable “external”
magnetic field (Dunlop and West 1969).

For interacting SP grains, the situation is more
complicated. The behaviour of an assembly of SP
particles falls into one of three regimes depend-
ing on the inter-particle interactions (Dormann
etal. 1997): (i) a pure SP case (non-interacting),
(ii) an SP state modified by interactions, and
(iii) a glass collective state. The properties of
state (iii) are close to those of spin glasses with
a phase transition. This state is not fully under-
stood and there is no simple model for the col-
lective state. There are models for state (ii); these
dynamic interactions are qualitatively different
from static ones, as dynamic systems are not in
thermodynamic equilibrium and hence cannot
be directly modelled using Boltzmann statis-
tics. Several approaches have been developed
to address this problem (Dormann et al. 1988);
these models demonstrate that the effect of
interactions due to SP grains is to increase their
relaxation time due to thermal fluctuations.

Understanding the effect of interactions

To try to quantify the contribution of inter-
actions to natural magnetic systems, both
experimental and numerical approaches have
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2: Two areas of a finely exsolved titanomagnetite sample from Mount Yamaska, Quebec. In Aand
C the blue regions show magnetite blocks which are separated from each other by paramagnetic
ulvdspinel. B and D show the corresponding magnetic phase contours measured using electron-
holography from the same regions. In B, three adjacent magnetite-rich regions combine to

form a “super vortex”; and D shows a small region that is magnetically antiparallel to its larger

neighbours. (From Harrison et al. 2002)

been taken. The principal areas are direct
observations of static magnetic interactions
in rocks, synthesis of ideal samples combined
with electron-beam lithography, and numeri-
cal modelling.

Recent improvements in advanced transmis-
sion electron microscopy (TEM) techniques,
in particular the method of off-axis electron
holography, allow direct imaging of the mag-
netic fields within and between crystals on
nanometric scales (Dunin-Borkowski et al.
1998). Because the image is constructed from
the shift in phase that occurs when the elec-
tron beam passes through a magnetic field, the
technique also images the static magnetic fields
between magnetic crystals. The resolution of
the TEM and the ability to image inter-grain
magnetic fields makes this a significant improve-
ment on previous methods such as Bitter pat-
tern imaging, magneto-optical Kerr (MOKE)
microscopy and magnetic force microscopy
(MFM), when studying inter-grain magnetic
interaction fields, though the other methods all
have their benefits.

In a pioneering study, Harrison et al. (2002)
examined the magnetic structure in a finely
exsolved titanomagnetite from Mount Yam-
aska, Quebec, one of the Monterigian Hills of
Cretaceous age. The sample consisted of areas
of magnetite blocks separated from each other
by paramagnetic ulvospinel (figure 2a). The
magnetic structures in individual grains dis-
played inter-grain coherent magnetic structures,
the so-called “super-vortex” states, similar to
the vortex state seen in the PSD (figure 1b). By
examining samples of a similar size, it is clear
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that the interaction fields are sufficient to enable
grains above the single-domain/vortex transi-
tion size, to be in a SD-like state.

Subsequent studies have examined magnetic
structures in synthetic rocks and meteoritic
samples (Church 2011, Lappe et al. 2011), and
have examined magnetic interactions across
phase boundaries. One of the main benefits
of this technique is the direct crossover with
micromagnetic models (see below).

Experimentally quantifying the role of inter-
actions in bulk samples is particularly diffi-
cult in small crystals of commonly occurring
magnetic minerals like magnetite, because it
is necessary to control accurately the size and
shape of the crystals, plus the inter-grain spac-
ing. Conventionally, samples with small crystals
are grown through various aqueous and hydro-
thermal techniques, which produce stoichio-
metrically (in terms of chemical purity) perfect
crystals with normal or log-normal grain distri-
butions and uncontrolled inter-grain spacings.
As small magnetic crystals behave like “mini-
bar-magnets”, the mobile crystals tend to clump
together to form clusters. Such clusters are not
representative of the magnetic minerals found
in rocks, which tend to grow within the matrix
and are not free to cluster.

Several techniques have been developed for
synthesizing crystals that are fixed and not free
to rotate. For example, the glass-ceramic method
(Worm and Markert 1987) produces fixed crys-
tals in silica matrix, i.e. they are essentially syn-
thetic rocks; however, there are still problems
with this technique. It is difficult to obtain nar-
row grain size distributions, and it can also be

3: Scanning electron microscope image of
EBL-produced thin-film sample DK0124
which has a dot diameter of 74nm and
separation of 300nm. Each thin-film contains
millions of near-identical magnetite dots.
(From Krasa et al. 2011)

difficult to maintain even stoichiometry across
this grain-size distribution, plus such samples
are thought to contain very high levels of inter-
nal dislocations, higher than is found naturally
in rocks. Such samples are thus not ideal for test-
ing all aspects of inter-grain interactions.

The only method that has been shown to con-
trol stoichiometry, grain size and spacing in the
synthesis of magnetic minerals is electron beam
lithography (EBL). Starting with a thin film of
material, EBL is used to produce arrays of near-
identical particles with accurately controlled
spacing (figure 3). These samples are ideal for
testing various theories and the contribution of
magnetic interactions to palacomagnetic experi-
ments. However, production of EBL samples has
proved to be exceptionally difficult, with only
two separate projects successfully managing to
make samples for palaecomagnetic investigation
(King et al. 1996, Krasa et al. 2009). The only
mineral to be as yet successfully synthesized that
is of interest to the geophysicist is magnetite.

These studies have shed much light on the
behaviour of both isolated PSD grains, and
interactions between such grains. They have
shown that while interacting particle assem-
blages may have unfavourable rock magnetic
parameters, e.g. from hysteresis, which are com-
monly used to discriminate between “reliable”
and “unreliable” recorders, they are still able to
retain palacomagnetically meaningful palaeo-
directional information (Krasa et al. 2011).

Numerical modelling is a valuable tech-
nique for understanding the theoretical basis
of palaeomagnetic data. Magnetic states of
interacting assemblages and individual PSD
and MD grains are determined by a complex
interplay of nonlinear, short and long-range
interactions, plus variations in temperature.
For this reason, analytic theories have not been
able to provide predictive models to determine
the accuracy of palaecomagnetic recordings.
Instead, numerical models that solve Brown’s
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In the last ten years, these models have also
been applied to the study of magnetic inter- 10—
actions in assemblages of SD and PSD grains
(Muxworthy et al. 2003, Muxworthy and Wil- i
liams 2005). They have shown some paradoxes:
interacting SD grains become more multi-
domain-like in character, while interacting PSD 0 o

grains can become more SD-like in character,
by forming super-vortex structures (figure 4).
These model predictions have been confirmed
on the microscopic scale, and also in the bulk-
magnetic parameters.

Currently numerical micromagnetic algo-
rithms can only determine static magnetic
interaction fields, as thermofluctuations have
yet to be fully implemented in models for natu-
ral systems, though this line of development is
currently active and thermally activated micro-
magnetic models should be working within the
next year or two. This makes current and previ-
ous calculations for dynamic interactions reli-
ant on assumptions in micromagnetic models,
such as those used in the calculations presented
in figure 9, or approximated theories like those
of Dormann et al. (1988). As dynamic systems
are in non-equilibrium they are unlikely to
retain a palaecomagnetically meaningful mag-
netic remanence, but they can still contribute
to the magnetic signature of sample; this is par-
ticularly important in environmental magnetic
studies where the signature is often used as a
proxy. Using a variation of the model described
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in Dormann et al. (1988), Muxworthy (2001)
showed that in weakly interacting SD assem-
blages the role of dynamic magnetic interactions
is to supress a very common environmental
parameter referred to as the frequency depend-
ency of magnetic susceptibility, K (figure 5).
The effect of interactions is to reduce K¢ in abso-
lute value and move the peak to smaller grain
sizes. This partially explains why large values of
K¢, which are theoretically possible, are rarely
seen in natural samples.

Magnetic interactions in rocks

As it is not possible to examine every palaeo-
magnetic sample under the microscope, diag-
nostic bulk measurements that can identify
the presence of magnetic interaction fields are
required. There have been several approaches
for assessing this, two of which are described
below. However, differentiating between inter-
grain magnetostatic interactions and internal
magnetic interactions between domains, i.e.

5 10 15
mean diameter (nm)

multidomain behaviour, is particularly difficult
as the magnetic responses of the two systems
are often similar.

Traditionally, people have used Henkel plots
(Henkel 1964) or its modern modification the
deltaM curve, which are constructed from rema-
nence acquisition curves for the same sample in
two magnetic states (demagnetized and reversely
magnetized). DeltaM plots work particularly
well in the material science world, where syn-
thetic samples have narrow grain size distribu-
tions of SD grains; however, natural systems
rarely have such assemblages and these simple
plots do not yield sufficient discriminatory use-
fulness when working with natural samples.

To better quantify the behaviour of natural
systems, first-order reversal curves (FORC)
measurements were developed in the late 1990s
(Pike et al. 1999, Roberts et al. 2000), and
have recently become common as the machines
required to measure them have become read-
ily available. FORC measurements map out the
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6: Two numerically simulated FORC diagrams for assemblages of identical SD magnetite particles
with cubic magnetocrystalline anisotropy. (a) The concentration of particles is 10% and (b) the
concentration is 50%. Increasing the concentration increases the levels of inter-grain interactions
resulting in spreading in the y-axis. As a first-approximation the x-axis is related to the coercivity
(magnetic stability) distribution of the assemblage and the y-axis is a measure of magnetostatic
interactions. (Redrawn from Muxworthy et al. 2004)

internal structure of a hysteresis loop, and pro-
vide a distribution of magnetic responses from
a sample (figure 6). It has been shown that as a
first-approximation, the x-axis represents the
coercivity (magnetic stability) distribution of
particles within a sample, and the y-axis is a
measure of magnetostatic interactions (Mux-
worthy and Williams 2005).

The FORC method in itself does not distin-
guish between internal interactions, i.e. multi-
domain behaviour, and inter-grain interactions:
both cause spreading in the vertical axis; how-
ever, experience of handling natural magnetic
systems tells us that usually the position of the
peak of the distribution for MD grains lies near
to the y-axis origin, and that of SD grains and
PSD grains a little further from the vertical axis
origin. Distributions with large spreads in the
y-axis, where the peak of the distribution is far
from the y-axis, are indicative of interacting SD
grains (Muxworthy et al. 2004).

Combining theory and experiment

Neither numerical nor experimental approaches
are able to answer uniquely the contribution
of magnetic interactions to the palacomagnetic
signal, but a holistic approach can tell us where
strong magnetic interactions are present. On
a practical level such a holistic approach will
involve a combination of scanning electron
microscope (SEM) analysis including analyti-
cal analysis, and thorough mineral magnetic
analysis using FORC diagrams in combination
with thermomagnetic measurements. For exam-
ple, such an approach was used successfully in
the study of mudstones from New Zealand
(Rowan and Roberts 2006), whose palacomag-
netic signal in some strata was dominated by
interacting, authigenic iron sulphides (greigite,
Fe;S,) (figure 7). The greigite-dominated signals
were found to be unreliable. Once the results
from such samples had been removed from
the data set, the tectonic interpretation of the
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palaeomagnetic study could be made success-
fully (Rowan and Roberts 2006).

Magnetic interactions for navigation

Magnetotactic bacteria produce chains of
magnetic crystals (magnetosomes) that usually
consist of magnetite (Fe;0,) or greigite (figure
8). These magnetosome chains are found in
both unicellular bacteria and in larger multi-
cellular magnetotactic prokaryotes (MMP)
(Faivre and Schiiler 2008). The primary purpose
of magnetosomes is thought to be navigation
(magnetotaxis), therefore natural selection
should ensure that magnetosomes provide
a strong magnetic signal to maximize their
efficiency (Kopp and Kirschvink 2008). The
magnetic state that best exhibits this quality is
the stable SD state. To maximize the magnetic
signal from a magnetosome, the magnetosome
should be just below or at the critical SD to PSD/
MD grain size threshold. The exact threshold
is dependent on many factors such as grain
morphology. Determining the critical stable
SD size range as a function of morphology
is important for determining magnetosome
function and possible magnetotaxis efficiency.

It is common to assess the domain state of
magnetosome crystals by plotting their length
versus grain-elongation axial-ratio (AR; short-
axis/long-axis or width/length) on domain state
phase diagrams (Thomas-Keprta et al. 2000),
initially determined analytically by Evans and
McElhinny (1969). They calculated the SP to
stable SD critical size and the SD to PSD/MD
critical size as functions of AR for individual
particles of magnetite. Subsequently, both the
SP to stable SD transition size (Winklhofer et al.
1997, Muxworthy and Williams 2009) and the
SD to MD transition size (Fabian et al. 1996,
Witt et al. 2005, Muxworthy and Williams
2006) have been re-examined and revised for
individual magnetite particles through applica-
tion of the numerical micromagnetics.

7: Back-scattered electron microscope
images illustrating microtextures of
authigenic greigite (G, Fe;S,) and pyrite

(P, P2, FeS,) in mudstone samples from

New Zealand. Such samples’ magnetic
remanences were found to be unreliable and
their FORC diagrams indicative of high levels
of magnetic interactions. (From Rowan and
Roberts 2006)

Muxworthy and Williams (2006) argued
that it is flawed to compare magnetosome sizes
with critical grain size boundaries derived for
individual crystals because magnetosomes very
often occur in magnetostatically interacting
chains (Faivre and Schiiler 2008). Muxworthy
and Williams (2006, 2009) performed calcu-
lations for the critical thresholds for magneti-
cally interacting magnetite rectangular cuboids,
and demonstrated that for cube-shaped grains,
interactions within chains increases the stable
SD to MD threshold size for magnetite from
~70nm to a maximum of ~200 nm (figure 9).

Interactions also decrease the SP/SD size for
cube-shaped magnetite grains from ~26 nm to
a minimum of ~12 nm for a thermal relaxation
time of 60s. Muxworthy and Williams (2006,
2009) showed that magnetostatic interaction
fields are sufficient to cause the largest observed
magnetite magnetosome crystals found in liv-
ing bacteria (length=250nm [AR =0.84]; Lins
et al. 2005) to be in a stable SD state; without
magnetostatic interactions they would be in a
MD state and would have a far lower magneto-
taxis efficiency.

Magnetofossils and early life

When magnetotactic bacteria decease, they are
one of the few bacteria that regularly leave an
inorganic trace of their existence; the chains of
magnetosomes often remain partially intact
and are referred to as magnetofossils. Magneto-
fossils have been identified in pre-Cambrian
rocks ~2 Ga in age (Chang et al. 1989), and have
been suggested as evidence for extraterrestrial
life (Friedmann et al. 2001).

One of the criteria for identifying magnetic
crystals as magnetofossils is the presence
of complete or partially broken chains. It is
assumed that the magnetofossils were used for
magnetotaxis, for which we assume that the
magnetic crystals were in a SD state. Examin-
ing martian meteorite ALH84001, Friedmann

A&G * April 2013 « Vol. 54

9102 ‘ST Jequieldes Uo A1SIeAluN aleIS BIURA|ASULRd e /B10°'S euInolpio jxo-0efo.ise//:dny woij pepeojumoq


http://astrogeo.oxfordjournals.org/

MUXWORTHY: BULLERWELL LECTURE

8: Transmission electron micrograph

of an unstained cell of Magnetospirillum
magnetotacticum, showing chain of magnetite
magnetosomes. (From Bazylinski and
Frankel 2003)

et al. (2001) identified chains of magnetite,
which they postulated may be magnetofossils of
former magnetotatic bacteria; however, recon-
structing the chains of magnetite using micro-
magnetic models (Muxworthy and Williams
2006) clearly demonstrated that the magnetic
interactions between grains were insufficient to
push the magnetic crystals into the SD stability
field. The magnetic crystals were in MD states,
making it unlikely that they are the remnants
of magnetosomes used for magnetotaxis in an
early martian magnetic field.

Conclusions

In rocks and other environmental samples,
the contribution of magnetic interactions to
the magnetic signals is generally thought to be
undesirable; however, magnetic interactions
appear to affect some magnetic remanences
more than others. For example, thermorema-
nences acquired by igneous rocks during cool-
ing the Earth’s magnetic field, appear to be
less effected by interactions than a chemical
remanent magnetization carried in sedimen-
tary rock dominated by authigenic minerals.
It is, therefore, important to consider the type
of magnetic remanence being carried by a rock,
when estimating the degree of magnetic inter-
actions in it. It is also important to consider the
type of information that is being recovered.
Generally, directional data is less affected by
magnetic interactions than palaeointensity data
(the recovery of the ancient field intensity).

There are clear cases in Nature where the role
of magnetic interactions is beneficial. In par-
ticular in magnetotactic bacteria, that have been
shown to have optimal magnetosome morphol-
ogy and inter-grain magnetic interactions to
maximize magnetotaxis. Their remains (mag-
netofossils) have been used to identify early life,
and are excellent recorders of the geomagnetic
field, as the highly interacting chains paradoxi-
cally individually behave like “ideal non-inter-
acting” grains.

What areas of magnetic interactions are still
to be truly understood? Magnetically inter-
acting systems are highly nonlinear so every
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case is unique, but there are several key areas
of research were the contribution of magnetic
interactions is poorly understood. First, the role
of magnetic interactions during thermorema-
nence acquisition has yet to be fully understood.
There have been experimental and numerical
attempts to quantify the contribution of inter-
action to thermoremanence acquisition, but
as yet the results are not entirely conclusive.
Second, relating the interaction fields observed
with electron microscopes or calculated in
numerical models to bulk magnetic parameters.
In the first two cases, the number of crystals
examined is of the order of 10 to 100 particles,
whereas bulk measurements are made on poten-
tially millions of particles. To resolve this gap,
there are two possible solution paths: increase
numerical model size through a combination of
increased CPU power and quicker algorithms;
and test the models on ideal samples such as
those produced by EBL, which can be examined
under a microscope, modelled and magnetically
measured like a bulk sample. ®

Adrian R Muxworthy, Dept of Earth Science and
Engineering, Imperial College London, UK.

® The Bullerwell Lecture is awarded annually by
the British Geophysical Association, http:/lwww.
geophysics.org.uk.
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