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Abstract Magnetotactic bacteria can be regarded as model systems for studying the struc-
tural, chemical, and magnetic properties of arrangements of ferrimagnetic iron oxide and
sulfide nanocrystals. The aim of the present chapter is to show how the size, shape, crys-
tal structure, crystallographic orientation, and spatial arrangement of bacterial magnetite
(Fe3O4) and greigite (Fe3S4) crystals affect their magnetic properties. We present recent
results obtained using transmission electron microscopy (TEM) techniques, including
high-resolution TEM imaging and off-axis electron holography.
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1
Introduction

Magnetotactic bacteria contain intracellular ferrimagnetic crystals that are
typically 30–120 nm in size and are arranged in a linear chain configuration.
The magnetic properties of the bacterial iron oxide and sulfide nanocrystals
depend on several factors, including crystal structure and habit, the direction
of the crystal’s elongation, and the orientation and spacing of each crys-
tal with respect to its neighbors. It is necessary to study these properties
in order to obtain an insight into the magnetic behavior of such magnetic
particles.

The transmission electron microscope is a powerful tool for characterizing
the physical and chemical properties of materials at high spatial resolution,
and has been used for the study of bacterial magnetosomes since the dis-
covery of magnetotactic bacteria (Blakemore 1975). Advanced transmission
electron microscopy (TEM) techniques, including off-axis electron holog-
raphy (EH) (Tonomura 1992; Völkl et al. 1998) and electron tomography
(ET), for applications in the physical sciences (Midgley et al. 2001) have be-
come widely available in the past decade. The combination of these new
techniques and conventional high-resolution TEM (HRTEM) and selected-
area electron diffraction (SAED) now allows the relationships between the
structures, three-dimensional morphologies, configurations, and magnetic
properties of magnetosomes to be studied in detail.

In this chapter, we briefly describe the principles of HRTEM, EH, and ET.
The structural and magnetic properties of magnetite and sulfide magneto-
somes are then discussed, with an emphasis on the interpretation of recent
EH results. The quantitative nature of EH is highlighted.

2
Techniques

2.1
High-Resolution Transmission Electron Microscopy

In HRTEM, an image is formed by using a large objective aperture to cause
one or more beams that have been diffracted by a specimen to interfere with
the transmitted beam. In modern generations of transmission electron mi-
croscopes, the image resolution is better than 0.2 nm, and individual atomic
columns can be resolved in many crystalline inorganic materials. If the ob-
jective lens defocus and image astigmatism and incident beam alignment are
optimized, then the resulting image can be interpreted directly in terms of the
projected crystal potential. With care, crystal lattice spacings, angles between
lattice planes, and defects can be identified from such images. As the elec-
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tron dose used to acquire a single image is typically approximately 500–2000
electrons per square angstrom, it is not usually possible to examine organic
materials directly under such intense imaging conditions.

2.2
Off-Axis Electron Holography

EH allows the phase shift of a high-energy electron wave that has passed
through a specimen to be recovered. The phase shift is, in turn, sensitive to
the in-plane component of the magnetic induction and the electrostatic po-
tential in the specimen. The TEM mode of off-axis EH is illustrated schemat-
ically in the form of a ray diagram in Fig. 1. The specimen is examined using
highly coherent illumination from a field-emission gun electron source, with
the region of interest positioned so that it covers approximately half the field
of view. A (typically positive) voltage is applied to an electron biprism, which
is located close to a conjugate image plane in the microscope, to overlap the
electron wave that has passed through a vacuum (or through a thin region of
support film) with a part of the same electron wave that has passed through
the region of interest on the specimen, to form a hologram in a slightly de-
focused image plane. When magnetic materials are examined, holograms are
normally recorded with the conventional microscope objective lens turned
off, as its strong magnetic field would saturate the magnetization in the speci-
men in the electron beam direction. A Lorentz lens (a high-strength minilens
located below the lower objective pole piece) can then be used to record

Fig. 1 Ray diagram illustrating the components of a transmission electron microscope
that are required for off-axis electron holography (EH) of nanoscale magnetic materials.
See text for details. FEG field-emission gun



200 M. Pósfai et al.

holograms at high magnification with the specimen in a magnetic-field-free
environment. The objective lens can also be excited slightly and the specimen
tilted to apply known magnetic fields to follow magnetization processes in
situ in the transmission electron microscope. When magnetic nanostructures
are examined, the magnetic contribution to the phase shift recorded from
a hologram must usually be separated from the dominant mean inner po-
tential (MIP) contribution. This separation can be achieved by recording two
holograms that differ only in the (opposite) directions of magnetization in
the specimen. The magnetic contribution is then calculated by taking half of
the difference between the phases of the holograms (Dunin-Borkowski et al.
2004). All of the magnetic induction maps presented in this chapter show
the ferrimagnetic crystals in their remanent state, since the holograms were
recorded in zero magnetic field.

2.3
Electron Tomography

In the life sciences, ET has been used to image complex nanoscale struc-
tures in three dimensions since the late 1960s (DeRosier and Klug 1968). In
general, tomography requires a series of images (projections) of an object
to be recorded at successive specimen tilt angles, using a signal that is re-
lated monotonically to the projected specimen thickness. Bright-field images,
in which mass-thickness contrast dominates, are suitable for applications in
the life sciences. However, in the physical sciences, crystalline objects re-
sult in the presence of diffraction and Fresnel contrast, and an incoherent
form of imaging is more suitable. Images are then typically recorded using
high-angle annular dark-field imaging using a scanned probe or energy-
filtered transmission electron microscope. As many images as possible are
recorded over as large a range of tilt angles as possible. After acquisition
of the tilt series, each image is back-projected along the original tilt angle.
The overlap of all projections then leads to a reconstruction of the three-
dimensional object. Artifacts are minimized by employing an iterative rou-
tine that constrains the final reconstruction to match the original projections
(Frank 1992).

3
The Structures and Magnetic Properties of Magnetite Magnetosomes

The structures and morphologies of magnetite magnetosomes have been
studied since the discovery of magnetotactic bacteria (Balkwill et al. 1980;
Towe and Moench 1981; Matsuda et al. 1983). Most studies found essen-
tially no defects in the magnetite crystals (Mann et al. 1984; Sparks et al.
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1990; Meldrum et al. 1993a, b). More structural disorder, primarily spinel-
type twinning, was reported subsequently (Devouard et al. 1998), whereas
other defects, which were interpreted as screw dislocations, were described in
magnetite from uncultured magnetotactic bacteria (Taylor et al. 2001). Nev-
ertheless, most bacterial magnetite crystals are free of extended structural
defects.

The crystal habits of magnetite magnetosomes are species-specific, and
have been described in terms of categories that include cubooctahedral, pris-
matic and arrowhead-shaped (Mann et al. 1984; Vali and Kirschvink 1990;
Bazylinski and Frankel 2004). The sizes and shapes of magnetite crystals were
found to be affected only slightly by variations in culturing conditions (Mel-
drum et al. 1993a, b). When they are elongated, bacterial magnetite crystals
typically have elongation directions that are parallel to [111] (Mann et al.
1984; Sparks et al. 1990; Lins et al. 2005); however, highly elongated magnetite
magnetosomes with elongation directions that are parallel to [112] (Mann
et al. 1987; Taylor et al. 2001), [100] (Iida and Akai 1996; Taylor et al. 2001;
Kasama et al. 2006a; Pósfai et al. 2006), and [110] (Taylor and Barry 2004)
have also been described.

The magnetic dipole moments of magnetosome chains were calculated
by Frankel (1984). On the basis of their sizes, the individual magnetosomes
were assumed to be single magnetic domains. If the individual moments
were assumed to be aligned parallel to each other and to the chain direction,
then an ordered magnetite chain was calculated to have an overall magnetic
dipole moment approximately equal to the sum of the individual magneto-
some magnetic moments. Rock magnetism measurements of intact cells and
separated chains were in agreement with these calculations, and indicated
that both the dominant single-domain character and the chain configuration
of the magnetite particles could be detected using bulk magnetic methods
(Moskowitz et al. 1989, 1993; Weiss et al. 2004). Magnetic force microscopy
was used to measure the magnetic dipole moment of a single cell (Proksch
et al. 1995). Because of its high spatial resolution and sensitivity, EH takes the
study of the magnetic properties of bacterial magnetosomes forward signifi-
cantly, as described later.

Since crystal shape is important for determining the magnetic behavior
of nanocrystals, it is convenient to describe the structural and magnetic
characteristics of magnetite magnetosomes according to the three morpho-
logical groups that we have already described. The structures of all three
types of crystals have been studied using HRTEM and SAED, and the mag-
netic microstructures of cubooctahedral and prismatic magnetosomes have
been studied using EH. In the following sections, we discuss the structural
and magnetic properties of cubooctahedral and prismatic magnetite magne-
tosomes. EH studies of arrowhead-shaped crystals, which are in progress, will
be described elsewhere.
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3.1
Cubooctahedral Magnetite Crystals

Magnetotactic spirilla such as Magnetospirillum magnetotacticum and Mag-
netospirillum gryphiswaldense produce magnetite crystals that are usually
termed cubooctahedral magnetite (Bazylinski and Frankel 2000). Their mor-
phologies, which are approximately equidimensional, can be described most
simply in terms of a combination of the {111} and {100} forms (the octa-
hedron and the cube, respectively). Some bacterial strains contain magnetite
crystals that appear to be almost perfect octahedra, whereas other strains
produce nanocrystals that are combinations of the octahedron, the cube,
and the dodecahedron {110} (Devouard et al. 1998; Arató et al. 2005). For
simplicity, all of these variations of roughly equidimensional magnetite mor-
phologies are referred to here by the term cubooctahedral.

The precise identification of all of the faces of a nanocrystal is not straight-
forward, and has only been carried out in a few cases. As discussed by Buseck
et al. (2001), the projected outlines of magnetosomes in bright-field TEM im-
ages provide ambiguous information about their three-dimensional shapes.
In particular, it is difficult to identify whether a straight segment of the crys-
tal outline is a projection of a face that is parallel to the electron beam or that
of an edge shared by two faces (Lins et al. 2005). This difficulty is exacerbated
by the fact that some parts of a crystal outline may appear rounded or rough.
In addition, the details of such contrast features may vary with objective lens
defocus. The ambiguity of crystal shape determination from two-dimensional
projections was illustrated by a debate on the potential biogenic origin of
magnetite crystals in the Martian meteorite ALH84001 (Thomas-Keprta et al.
2000; Buseck et al. 2001; Clemett et al. 2002; Golden et al. 2004), the central
issue of which was whether the bacterial magnetite crystals have unique mor-
phological characteristics that distinguish them from crystals that formed
inorganically.

Since the contrast in HRTEM images is sensitive to the thickness of a crys-
tal, it is possible to obtain some information about the three-dimensional
crystal morphology by observing the contrast variation in experimental im-
ages. Careful examination of the HRTEM image of a magnetite magnetosome
in Fig. 2a reveals that the contrast shows a characteristic variation from
the edges to the center of the crystal. Regions having different contrast are
marked by different shades of gray in Fig. 2b, with each shade representing
regions of similar crystal thickness projected in the direction of the electron
beam. Although care is required with the interpretation of such images be-
cause the exit surface of the crystal also varies, the crystal appears to be much
thinner at regions marked A than at those marked B, even though both re-
gions are near the outline of the crystal’s projected image. These observations
suggest that the surfaces that are parallel to (01–1) and (0–11) planes are faces
that are aligned parallel to the incident electron beam, whereas at the points
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Fig. 2 a High-resolution transmission electron microscopy (HRTEM) image of a struc-
turally perfect cubooctahedral magnetite crystal from Magnetospirillum gryphiswaldense,
viewed along [011]. The insets in the lower-left corner and the upper-right corner are an
experimental selected-area electron diffraction (SAED) pattern and a Fourier transform
of the image, respectively. The labels A and B and the short arrows are discussed in the
text. b “Thickness map” of the magnetosome in a, inferred from the variations in the
HRTEM image contrast. c, d Assumed morphological model for the magnetite crystal in
a, displayed in two slightly different orientations

that are marked by short arrows in Fig. 2a several edges meet, resulting in re-
gions that are thinner in projection. A possible morphological model for this
cubooctahedral magnetite crystal is presented in Fig. 2c. In order to illustrate
the crystal morphologies at the regions marked A and B, the same model is
shown from a slightly different direction in Fig. 2d.

Another example of the determination of crystal thickness from an
HRTEM image is shown in Fig. 3. This small magnetite magnetosome is
from a cell of a mutant of Magnetospirillum gryphiswaldense that synthesizes
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Fig. 3 a HRTEM image and Fourier transform (inset) of a magnetite magnetosome from
a mutant of Magnetospirillum gryphiswaldense, viewed along [1–30]. b A magnified image
of the boxed region in a. c Calculated HRTEM image, simulated using the parameters
400-kV accelerating voltage, Cs = 1 mm, – 74-nm objective lens defocus, 6-nm–1 objec-
tive aperture, 4-nm crystal thickness, no crystal or beam tilt. The arrows in a mark
terminating structural planes on the crystal surface

slightly smaller magnetosome crystals. By comparing the contrast in ex-
perimental and simulated HRTEM images, the approximate thickness of the
crystal can be determined. The boxed region in Fig. 3a is shown enlarged in
Fig. 3b, and a corresponding calculated image is shown in Fig. 3c. Although it
is notoriously difficult to match calculated HRTEM images reliably to experi-
mental images, the simulated and experimental images in Fig. 3 show a good
match of contrast, suggesting that the thickness value (4 nm) that was used
for the calculation is approximately correct. The contrast varies little from the
edge to the center of the particle, suggesting that this magnetosome is very
thin and may have a tabular morphology. On the edge of the crystal, termi-
nating structural planes (arrowed in Fig. 3a) appear to be edge-on views of
atomic-scale steps on the surface of the crystal.
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Cubooctahedral magnetite magnetosomes typically do not contain ex-
tended defects other than twin boundaries (Fig. 4). Twins are of spinel type,
as also observed in inorganically formed magnetite. Spinel twins are related
to each other by a twofold axis that is parallel to [111]. The twin boundary can
lie along a single (111) plane, although in many bacterial magnetite crystals

Fig. 4 a Bright-field TEM image of a chain fragment of magnetite magnetosomes from
Magnetospirillum gryphiswaldense (wild-type), showing twinned crystals (arrowed).
b HRTEM image of a twinned magnetite crystal from Magnetospirillum magnetotacticum
strain MS-1. The two twin member crystals overlap, producing a Moiré effect. (b From
Devouard et al. 1998)
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the two parts of the twin meet at an irregular surface (Fig. 4b). The pro-
portion of twinned magnetosomes is strain-specific (Devouard et al. 1998).
Whereas in some strains fewer than 1% of all magnetite crystals are twinned,
a strain containing a large proportion (approximately 70%) of twinned crys-
tals has also been observed (D. Bazylinski, private communication). With rare
exceptions, twin boundaries occur perpendicular to the chain axis; thus, they
are not expected to affect the direction of the magnetic induction within the
magnetosomes significantly, as the magnetocrystalline easy axis of magnetite
is [111] (Dunlop and Özdemir 1997). Multiple twin boundaries tend to be
more irregular and are less likely to be perpendicular to the chain axis; how-
ever, the proportion of such boundaries is too small to have a significant effect
on the magnetic induction of the chain.

Although the relative orientations of cubooctahedral magnetite crystals
within chains have not been studied in detail, the general direction of the
chain axis appears to coincide with [111] for most crystals. Scheffel et al.
(2005) found that in Magnetospirillum gryphiswaldense the magnetosomes
are attached to an organic filamentous structure that runs along the long axis
of the cell. In this study, an acidic protein was shown to anchor the magneto-
somes to the filament. This protein appears to be responsible for setting [111]
in each crystal to be parallel to the chain axis (see also Komeili, this volume).

The magnetic induction in chains of cubooctahedral magnetite crystals
has been studied in Magnetospirillum magnetotacticum strain MS-1 using EH
(Dunin-Borkowski et al. 1998, 2001). Figure 5 shows a magnetic induction
map obtained from EH images of a magnetosome chain that can be regarded
as representative for MS-1. The magnetite crystals are about 45 nm in size.
The direction of the magnetic phase contours shown in Fig. 5 represents the
direction of the local magnetic induction (projected in the electron beam
direction), and the density of the contour lines provides a measure of the
strength of the local in-plane induction. The same amount of magnetic flux
is enclosed between any two adjacent contours.

In Fig. 5, the crystal size along the chain is not uniform. The sizes of the
magnetosomes gradually decrease on the right side of the chain, whereas the
corresponding change on the left side of the chain is more abrupt. This vari-
ation in crystal size affects the strength of the local magnetic induction. The
contour map shows a larger number of closely spaced contours at the left end
of the chain, where larger crystals are present. The crystals at the right end of
the chain are below approximately 20 nm in size, and thus would be expected
to be superparamagnetic if they were isolated. However, the direction of the
magnetic contours is confined to be parallel to the chain axis in these crystals,
indicating that they are stable single magnetic domains at room tempera-
ture. This behavior likely results from magnetic interactions between adjacent
nanocrystals in the linear chain configuration.

Two smaller crystals are present at the position marked by the white ar-
row in Fig. 5, creating a defect in the chain structure and resulting in slightly
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Fig. 5 Magnetic induction map recorded using EH from a chain of magnetite magne-
tosomes in a cell of Magnetospirillum magnetotacticum strain MS-1. The mean inner
potential contribution to the phase shift was removed from the measured signal before
creating the contour map. The white arrow marks a defect in the chain that consists of
two small crystals. The spacing of the contours is 0.064 rad. (From Dunin-Borkowski et al.
1998, 2001)

poorer confinement of the magnetic phase contours. In a similar cell, slight
waviness of the contour lines was caused by a small displacement of the
magnetosomes from the axis of the magnetosome chain (Dunin-Borkowski
et al. 1998, 2001). The contour lines within these magnetosomes were ob-
served to bend to follow the positions of the crystals, irrespective of their
crystallographic orientations. Thus, the positions of the magnetite crystals
dictate the local direction of the magnetic induction. Since the crystals are
roughly equidimensional, neither shape nor magnetocrystalline anisotropy
has a significant effect on the magnetic induction for chains of cubooctahe-
dral magnetite magnetosomes.

3.2
Elongated Prismatic Magnetite Crystals

Magnetite magnetosomes with elongated “prismatic” habits typically occur
in magnetotactic vibrios and cocci, collected from both freshwater and ma-
rine environments. In many types of cells, these crystals form well-organized
single or double chains. Twinning occurs in prismatic magnetite magneto-
somes (Devouard et al. 1998), but other types of structural defect have not
been observed.

The magnetite crystals from a single cell of a freshwater magnetotactic
coccus that are shown in Fig. 6a and b are free of extended defects. Each of the
numbered crystals in the double chain shown in Fig. 6a was aligned to either
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Fig. 6 a Bright-field TEM image of a double chain of magnetite magnetosomes from a sin-
gle cell of a freshwater magnetotactic coccus. The numbered crystals were found to have
their [111] directions parallel to the magnetosome chain axis to within 3◦ (except for
crystal 1 at the end of the chain, which was misaligned with respect to the chain axis).
b HRTEM image and SAED pattern of crystal 4 from a, viewed along [– 110]. c Model
for the assumed morphology of the magnetite crystals in a, shown in the two direc-
tions ([011] and [121]) in which HRTEM images were recorded. (a, b From Simpson
et al. 2005)

a [110] or a [112] axis, in order to determine the relative orientations of the
crystals with respect to one another (Simpson et al. 2005). Significantly, the
[111] axes of almost all of the crystals were found to be aligned parallel to the
chain axis to within a few degrees, whereas their crystallographic directions
perpendicular to the chain axis were random. Similar arrangements were
found in other cells that contained single chains of magnetite magnetosomes
with prismatic habits (Lins et al. 2005; I. Dódony, private communication).
Assuming that the relative orientations of the crystals are not affected by air-
drying of the cells on TEM grids, these results suggest that biological control
of the orientations of magnetosomes is stricter in setting the [111] magnetic
easy axis to be parallel to the chain axis than in controlling the orientations of
the crystals perpendicular to this direction.
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A tentative model for the typical morphology of the magnetosomes shown
in Fig. 6a is illustrated for two orientations of the crystal in Fig. 6c. The in-
ferred morphology is formed from a combination of the {111}, {110}, and
{100} forms. Characteristically for prismatic magnetite magnetosomes, the
largest faces are those six faces of {110} that are parallel to the [111] axis of
elongation.

A magnetic induction map obtained from the double magnetite chain
shown in Fig. 6a using EH is presented in Fig. 7. In each crystal, the direction
of the recorded magnetic induction is parallel to the direction of elongation
of the crystal. Since this direction coincides with [111] and the chain axis, the
effects of shape and magnetocrystalline anisotropy and interactions between
neighboring crystals reinforce each other. In other chains of prismatic mag-
netite magnetosomes, magnetic phase contours have also been found to be
parallel to the elongation axes of the individual crystals (Figs. 8, 9). As a con-
sequence of the precise alignment of the elongation axes of the magnetosomes
with the chain axis, as well as the proximity of adjacent crystals, the magnetic
phase contours are highly parallel to each other and confined within the mag-
netosomes. In Fig. 9, the two chains within a single cell show little magnetic
interaction with each other and appear to be largely magnetically indepen-
dent. In contrast, the double chain shown in Figs. 6 and 7 can be regarded as
similar to a single bar magnet, with the magnetic flux returning outside the
combined double chain.

One of the most studied magnetotactic strains is MV-1. Cells of this strain
also contain elongated, prismatic magnetite crystals that form a single chain
in each cell (Fig. 8). Each magnetosome is a single magnetic domain. How-
ever, the gaps between the magnetosomes are larger than in the double chain
shown in Figs. 6 and 7. As a result, the separation of the magnetic contour

Fig. 7 Magnetic induction map recorded using EH from the double chain of magnetite
magnetosomes shown in Fig. 6a. The spacing of the contours is 0.3 rad
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Fig. 8 Magnetic induction map recorded using EH from a magnetite magnetosome chain
from bacterial strain MV-1. The phase contour spacing is 0.064 rad. (From Dunin-
Borkowski et al. 1998, 2001)

Fig. 9 Magnetic induction map recorded using EH from two single chains of magnetite
crystals in a cell of a magnetotactic coccus. In the right chain, the two arrowed magneto-
somes are away from the primary chain axis, with their axis of elongation perpendicular
to the chain. (From Dunin-Borkowski et al. 2004)
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lines increases in the gaps between the crystals. Even if a crystal is misplaced
from the chain axis (for example, the fourth magnetosome from the left in
Fig. 8), the direction of the contour lines inside the crystal is parallel to its
elongation axis, suggesting that shape anisotropy plays a dominant role in the
elongated magnetite crystals in MV-1.

In the cell shown in Fig. 9, two single chains of prismatic magnetite mag-
netosomes are positioned at opposite sides of the cell. Hanzlik et al. (1996)
suggested that such chain arrangements may balance such a cell magnetically
as it swims parallel to the direction of an external magnetic field. A note-
worthy feature of the magnetosome chain on the right of Fig. 9 is that two
magnetite crystals are in irregular positions perpendicular to the chain axis.
The fact that the magnetic phase contours inside these two magnetosomes re-
main parallel to their elongation axes suggests that for these crystals shape
anisotropy dominates over the effect of interactions with other particles in the
chain.

The results presented in Figs. 6–9 show that, in general, in ordered chains
that consist of well-aligned, elongated magnetite magnetosomes, the effects
of magnetocrystalline and shape anisotropy, as well as magnetic interactions
between adjacent particles, reinforce each other to produce a magnetic mo-
ment that is strictly parallel to the elongation direction of each crystal and to
the chain axis.

3.3
Unusually Large Magnetite Magnetosomes,
and Scattered or Clustered Crystals

Unusually large magnetosomes were described from a magnetotactic coc-
cus from the Itaipu Lagoon in Brazil (Farina et al. 1994; Spring et al. 1998).
The cells of this organism contain magnetite crystals that are approximately
200 nm in length and thus would not be expected to be in a single-domain
magnetic state (Dunlop and Özdemir 1997). Nevertheless, magnetic induc-
tion maps obtained from EH measurements by McCartney et al. (2001) reveal
that the large magnetite crystals are essentially single magnetic domains, so
long as they are in a linear chain configuration (Fig. 10a). The magnetic con-
tour lines fringe out at the edges of the last crystals in the chain, creating
flowerlike patterns, but inside the crystals the closely spaced contour lines fol-
low a path that is parallel to the elongation direction of each crystal and to
the chain axis. Interestingly, a broken chain configuration results in a more
complicated magnetic microstructure, with domain walls and possibly vor-
tex states similar to those reported by Hÿtch et al. (2003) appearing inside
the large crystals (Fig. 10b). It therefore appears that for crystals of this size
interparticle interactions constrain the direction of the magnetic field and
are responsible for the single-domain state of these large magnetite crystals
within linear magnetosome chains.
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Fig. 10 Magnetic induction maps recorded using EH from large magnetite magnetosomes
from magnetotactic cells that were collected in the Itaipu Lagoon, Brazil. a When the
large magnetosomes are in a chain configuration, magnetic interactions result in paral-
lel magnetic contour lines within the crystals. Smaller magnetosomes from other types
of cells cling to the larger particles. b The large magnetosomes are no longer in a single-
domain state in broken chains, and exhibit a more complicated magnetic microstructure.
The double-headed arrow labeled Ha indicates the direction of the applied magnetic field
before recording the remanent magnetic state. The contour spacing is 0.5 rad. (From Mc-
Cartney et al. 2001)

Fig. 11 Magnetic induction map recorded using EH from scattered magnetite crystals in
a single cell of a freshwater coccus. All of the particles are magnetic single domains. The
phase contour spacing is 0.125 rad

The profound effect of the orientations and separations of magnetite
nanocrystals on their magnetic induction is illustrated by the magnetic in-
duction map shown in Fig. 11. In this freshwater, spherical cell, a disordered
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arrangement of prismatic magnetite magnetosomes, which may have resulted
in part from air-drying of the cell, results in highly variable directions of
the magnetic field inside the crystals. However, as discussed before, in most
cases the magnetic contour lines remain parallel to the elongation axis of each
crystal, as dictated by shape anisotropy.

4
The Crystal Structures and Magnetic Properties
of Iron Sulfide Magnetosomes

Iron sulfide magnetosomes contain a larger variety of inorganic phases than
iron oxide magnetosomes. Whereas the only magnetosome iron oxide min-
eral that has been identified is magnetite, the inorganic phase of iron sulfide
magnetosomes can comprise either greigite (Fe3S4) (Mann et al. 1990; Fa-
rina et al. 1990; Heywood et al. 1990) or mackinawite (FeS) (Pósfai et al.
1998a, b). In addition, a third structure, sphalerite-type cubic FeS, was identi-
fied tentatively (Pósfai et al. 1998a). It appears that nonmagnetic mackinawite
is initially precipitated, before converting into ferrimagnetic greigite. The
time that is required for this solid-state phase transition in living cells is
unknown, but is presumably within the limits set by the requirement that
the majority of the magnetosomes in a cell must always be magnetic. The
mackinawite to greigite transition was observed to take place over 10 days
in a dehydrated cell on a TEM grid that was stored in air (Pósfai et al.
1998a). The transition may be faster in living cells in their natural sulfide-rich
environment.

Mackinawite and greigite have the same cubic-close-packed sulfur sub-
structure. The orientation relationship between mackinawite-like and grei-
gite-like structural elements in crystals that appear to be in a transitional state
between the two minerals (Fig. 12) suggests that the conversion of mackinaw-
ite takes place with the sulfur substructure remaining intact. Only the iron
atoms change their crystallographic positions, one quarter of them being lost
from each crystal. The fate of the iron that is released from the magnetosomes
remains unknown.

Sulfide magnetosomes typically show heterogeneous, patchy contrast in
HRTEM images. This feature likely results from defects that remain in the
greigite structure as a result of the solid-state transformation from mack-
inawite. The greigite structure appears to have nucleated in several places
within the crystal shown in Fig. 12. When such greigite nuclei grow and
merge, antiphase domain boundaries may remain in the structure. It is also
possible that some of the contrast variation seen in HRTEM images is caused
by the uneven thickness of the sulfide magnetosomes (Fig. 13b, c). Many
greigite magnetosomes appear to be aggregates of several smaller crystals,
each in the same crystallographic orientation, producing a single-crystal-like
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Fig. 12 HRTEM image of an iron sulfide magnetosome from a multicellular magneto-
tactic aggregate that contains both mackinawite and greigite structural elements, and is
in a transitional state between the two structures. The spacing of lattice fringes in the
bands between the double white arrows and the double black arrows is 3 Å, consistent
with d(011) of mackinawite, whereas in the rest of the crystal the 2.8-Å spacing is con-
sistent with d(222) of greigite. (From Pósfai et al. 1998a)

aggregate (Kasama et al. 2006a). Interestingly, even though greigite and mag-
netite are isostructural, spinel-type twins have not been observed in greigite
magnetosomes.

Since sulfide-producing magnetotactic bacteria are not yet available in
pure culture, and since the number of cells separated magnetically from
samples collected from the environment is small, bulk magnetic measure-
ments have not yet been performed on iron sulfide magnetosomes. However,
measurements of the magnetic properties of individual sulfide magnetosomes
and their chains have recently been performed using EH (Kasama et al.
2006a).
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Iron sulfide magnetosomes have been observed both in organisms that are
usually referred to as magnetotactic multicellular aggregates or prokaryotes
(MMA or MMP) (see also Keim et al., this volume), and in various types
of rod-shaped cells (Fig. 13a) (Heywood et al. 1990; Bazylinski et al. 1993;
Simmons et al. 2004). In any of these cell types, the sulfide magnetosomes
generally form chains that are not as well ordered as is typical in magnetite-
bearing organisms. In most studies of sulfide-producing bacteria, the cells
were not fixed but left to dry on TEM grids (Mann et al. 1990; Pósfai et al.
1998a, b; Kasama et al. 2006a), raising the concern that some of the disorder
in the orientations and positions of the sulfide magnetosomes may be an ar-
tifact of the dehydration of the cell. However, even fixed sulfide-producing
cells contain fairly disorganized magnetosome chains (Keim et al. 2004), sug-
gesting that the random orientations of the crystallographic and elongation
directions of the sulfide magnetosomes within a chain may be typical features
of sulfide-producing magnetotactic bacteria.

The disorganized arrangement of sulfide magnetosomes has a strong in-
fluence on the magnetic properties of the chain, as illustrated in Fig. 14. This
cell is at the point of cell division and contains a multiple chain of magneto-
somes that is divided approximately equally between the two daughter cells.
Magnetic contour lines derived from EH are superimposed on the image and
show that the direction of the magnetic field follows a meandering path along
the chain. Highly variable directions of the magnetic moments in individ-
ual magnetosomes are apparent in the enlarged inset that shows the central
part of the cell and the division plane. Many of the magnetosomes appear

Fig. 13 a Bright-field TEM image of a rod-shaped cell that contains a double chain of iron
sulfide magnetosomes. b SAED pattern and c HRTEM image of the greigite magnetosome
marked by an arrow in a. The inhomogeneous contrast in c is likely caused by variations
in the thickness of the crystal. (From Kasama et al. 2006b)



216 M. Pósfai et al.

Fig. 14 Magnetic induction map recorded using EH from a dividing cell that contains
iron sulfide magnetosomes. The structures of the numbered crystals were identified and
found to be consistent with greigite. The inset shows the central part of the cell at higher
magnification. The magnetic phase contours are wavy, and their density within individual
magnetosomes is highly variable. The black arrows mark elongated magnetite crystals.
White arrows without numbers point to magnetosome-sized, iron-free crystals that con-
tain sulfur and oxygen. The magnetic phase contour spacing is 0.098 rad

to be only weakly magnetic or not magnetic at all. In order to determine
whether this magnetic behavior is related to the mineral phase of the sul-
fide magnetosomes, SAED patterns were obtained from each of the numbered
crystals in Fig. 14. Despite the fact that these particles include both apparently
strongly and weakly magnetic crystals, all of them were found to be greig-
ite. The apparently nonmagnetic crystals are therefore probably magnetized
along a direction that is almost parallel to that of the electron beam. Since EH
is sensitive only to the components of the magnetic induction that are per-
pendicular to the electron beam direction, such crystals may then appear to
be nonmagnetic. With regard to magnetotaxis, it is a disadvantage for the cell
that its total magnetic moment is reduced by the random orientations of the
magnetosomes.

In general, in Fig. 14 the contour lines inside the magnetosomes are paral-
lel to the elongation direction of each crystal. On the basis of SAED patterns
obtained from the numbered crystals in Fig. 14, there is no preferred crys-
tallographic direction for the elongation of the sulfide magnetosomes. This
observation suggests that magnetocrystalline anisotropy plays little role in
determining the direction of elongation of the magnetosomes. The struc-
tural defects and the aggregated nature of some of the greigite magnetosomes
may affect their magnetic properties. However, as for the magnetite crys-
tals described before, it appears that the magnetic moments of the greigite
magnetosomes are influenced most strongly by the shapes and the relative
positions of the crystals.
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Fig. 15 Visualization of a three-dimensional electron tomographic reconstruction of the
shapes of the magnetosomes within the right half of the boxed region in Fig. 14, derived
from a tilt series of high-angle annular dark-field images. The arrows mark highly elon-
gated iron oxide crystals. The other magnetosomes are greigite

In addition to the sulfide magnetosomes, magnetite particles occur in the
multiple chain shown in Fig. 14. The particles that are marked by dark ar-
rows are highly elongated and contain dense magnetic contours. Quantitative
measurements of their magnetic induction (as discussed later), composi-
tional data obtained using energy-filtered images, and an SAED pattern ob-
tained from the particle marked M in Fig. 15 are all consistent with the
elongated particles being magnetite. Magnetotactic cells that contained both
iron sulfide and iron oxide magnetosomes were described by Bazylinski et al.
(1995). In the case of the cell presented in Fig. 14, results from ET (Fig. 15)
confirm that the greigite magnetosomes are oriented randomly in the multi-
ple chain, whereas the highly elongated magnetite particles are parallel to the
chain axis. The magnetite particles therefore provide the cell with a strongly
magnetic “backbone”.

5
Quantitative Measurements Using Electron Holography

Using EH, we can measure the magnetic properties of both individual mag-
netosomes and entire cells quantitatively. As mentioned before, holographic
phase images contain information about both the magnetic induction B and
the MIP V0 of the sample. In situ magnetization reversal experiments allow
the magnetic contribution to the phase shift to be separated from the MIP
contribution. If a region of the sample is chosen in which demagnetizing
fields are negligible, such as a crystal close to the center of a chain of closely
spaced magnetosomes, then the magnetic and MIP contributions to the phase
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shift can be used to measure the ratio V0/B. The equations that describe the
details of this approach are given elsewhere (Simpson et al. 2005).

The ratio V0/B was measured experimentally from cells that contained
closely spaced prismatic magnetite crystals. The results are plotted in the
form of a histogram in Fig. 16. The scatter in the measured values results
from the combined effects of noise, diffraction contrast, and residual de-
magnetizing fields. The magnetic induction can be determined from such
measurements of V0/B if V0 is known. Experimentally, the MIP of mag-
netite has been measured as 17 V (Harrison et al. 2002). Despite the scatter
in the measurements shown in Fig. 16, and the possibility of systematic er-
rors, the use of this value for the MIP results in a mean value for the measured
magnetic induction of 0.58± 0.02 T at room temperature, which is in excel-
lent agreement with the value expected for magnetite (Dunlop and Özdemir
1997). This agreement confirms the chemical purity and magnetic homogene-
ity of the biogenic crystals.

Quantitative measurements of the magnetic properties of the greigite and
magnetite magnetosomes that are visible within the inset in Fig. 14 reveal
a relationship between the morphologies, compositions, and magnetic in-
ductions of the magnetosomes in this multiple chain, as shown in Fig. 17.
As mentioned before, the sulfide particles in this chain are roughly equidi-
mensional, whereas the oxide particles have elongated shapes. The measured
magnetic inductions in the sulfide particles (Fig. 17a) are approximately con-
sistent with values expected from the literature for greigite (approximately
0.16 T) (Dunlop and Özdemir 1997). The magnetic inductions in the elon-
gated oxide particles (Fig. 17b) range from 0.1 to 0.6 T, suggesting that these
particles are either magnetite (0.60 T) or maghemite (0.48 T). Since several of
the oxide particles show induction values larger than 0.48 T, it is likely that
they are magnetite. Many values in Fig. 17 are below the expected 0.16 and
0.60 T for greigite and magnetite, respectively. Several factors may contribute

Fig. 16 The V0/B ratio measured from a large number of magnetite magnetosomes in
cells that contained two double chains of elongated prismatic crystals (such as the double
chain shown in Fig. 6). The mean value of V0/B is 29.5±0.8 V T–1. (From Simpson et al.
2005)
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Fig. 17 The measured magnetic induction of a large number of sulfide and oxide particles
in the multiple magnetosome chain shown in Fig. 14, measured both in 2002 and in 2004.
Over the 2 years of sample storage, both sulfide and oxide magnetosomes partially oxi-
dized and their magnetic induction decreased. (From Kasama et al. 2006a)

to the apparent reduction in the magnetic induction, including magnetization
directions that are not perpendicular to the electron beam direction, the diffi-
culty of measuring the physical dimensions of the nanocrystals precisely, and
partial oxidation of the magnetosome minerals. The measurements also pro-
vide an opportunity to assess the effects of oxidation of the magnetosomes on
their magnetic induction. Figure 17c and d shows that, when the sample was
stored in air for 2 years, the magnetic induction of both the sulfide and the
oxide magnetosomes decreased.

Using EH, we can measure the magnetic moments of entire cells of mag-
netotactic bacteria. The procedure, which is described in detail elsewhere
(Dunin-Borkowski et al. 2001, 2004), involves measuring the area under the
gradient of the magnetic contribution to the phase shift, evaluated in a di-
rection perpendicular to that of the desired magnetic moment. Magnetic
moments measured using this approach from single, double, and multiple
chains containing cubooctahedral and prismatic magnetite and greigite mag-
netosomes are listed in Table 1. From Table 1, it is apparent that both the
magnetic moment and the magnetic moment per unit length are very similar
for all of the chains.
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6
Summary

In this chapter, the application of HRTEM and off-axis EH to the characteriza-
tion of the physical and magnetic properties of ferrimagnetic iron oxide and
iron sulfide crystals in magnetotactic bacteria has been described. It has been
shown that HRTEM images can be used to provide important information
about the sizes, shapes, orientations, spatial arrangements, crystal structures,
and defect structures of such crystals, and that this information can now be
complemented by three-dimensional information about nanoparticle mor-
phologies obtained using the evolving technique of ET. In contrast, off-axis
EH can be used to provide quantitative images of the strength and direction
of the local magnetic induction, projected in the electron beam direction, in-
side and outside each crystal, with a spatial resolution of approximately 5 nm.
As a result, this technique can be used to assess the magnetic states of indi-
vidual biogenic crystals both at remanence and during reversal, as well as to
measure the strengths of magnetic interactions between neighboring crystals
and parameters such as coercivities and magnetic moments.

The results that have been presented in this chapter show that, in gen-
eral, the ferrimagnetic crystals in magnetite-containing bacteria are crystallo-
graphically perfect, morphologically similar to each other, and oriented with
their [111] crystallographic axes parallel to the directions of the chains that
contain them. Magnetically, the crystals are single domains that are oriented
parallel to each other and exhibit little flux leakage. Crystals that are small
enough to be superparamagnetic at room temperature or large enough to
contain several magnetic domains if they were isolated are constrained to
be single domains by magnetostatic interactions with neighboring crystals
in the chain. Shape anisotropy appears to be the most important factor con-
trolling the magnetic microstructure of each crystal, followed by interparticle
interactions, with magnetocrystalline anisotropy being least important. Simi-
lar conclusions are presented for iron sulfide containing cells, the primary
difference being the more scattered arrangement of the crystals, resulting in
poorer confinement and greater variability in the directions of the field lines
in the cell. Significantly, despite the different crystal structures, orientations,
arrangements, and magnetic properties of the ferrimagnetic crystals that are
formed by different strains of bacteria, EH measurements show that the mag-
netic moments of different bacterial cells are remarkably consistent with each
other, satisfying the requirement for magnetotaxis that a large proportion of
the forward motion of each cell should be in the direction of the external
magnetic field.

The electron microscopy techniques that have been described here are
being developed actively, offering the prospect of improved structural and
magnetic information about magnetotactic bacteria in the future. In particu-
lar, it may be possible to map both the morphologies and the magnetic vector
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fields of entire cells in three dimensions with nanometer spatial resolution
by combining EH with ET. In future experiments, it will also be important to
optimize sample preparation techniques so that the internal arrangements of
cells are always preserved faithfully for electron microscopy.
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