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a b s t r a c t
The magnetic behaviour of magnetite at low temperatures is dominated by its transformation to a
monoclinic crystal structure that is simultaneously ferrimagnetic, ferroelastic and ferroelectric below ∼ 125 K
(the Verwey transition). Here we use electron microscopy to reveal the relationship between ferrimagnetic
and ferroelastic domain structures in monoclinic magnetite. We present dynamic observations of magnetite
during heating and cooling across the Verwey transition, revealing a diversity of unexpected interaction
phenomena between crystallographic twins and magnetic domain walls. This study provides a new
understanding of the low-temperature magnetic properties of magnetite that will affect a broad range of
rock magnetic studies, from the interpretation of magnetic remanence in terrestrial rocks and sediments to
the search for biogenic magnetite in extraterrestrial materials.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The ferrimagnetic mineral magnetite is the dominant carrier of
paleomagnetic and paleoclimatic information in rocks and sediments.
Below ∼125 K, magnetite undergoes a ﬁrst-order phase transition,
known as the Verwey transition, from a cubic inverse spinel structure to
a closely-related monoclinic structure (Walz, 2002). The Verwey
transition has a profound impact on the magnetic properties of
magnetite; its magnetocrystalline anisotropy increases by a factor of
15 and the symmetry of its anisotropy tensor changes dramatically (Abe
et al., 1976). Furthermore, a ferroelectric polarisation of 5 µC cm− 2
develops, making magnetite one of the few naturally-occurring multiferroic materials (Kato et al., 1983). The loss of symmetry on cooling
through the Verwey transition results in the formation of ferroelastic
transformation twins. The term ferroelastic refers to the presence of a
spontaneous strain (i.e. a spontaneous change in the shape of the
crystallographic unit cell) below the transition temperature (Salje,
1993). Each twin domain corresponds to a different orientational
variant of the low-temperature monoclinic phase (and its associated
spontaneous strain) with respect to the high-temperature cubic phase
(Fig. 1). The boundary between two adjacent twin domains is referred to
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as a twin wall (TW). The crystal can be switched from one orientational
state to another by the application of an external stress. This ferroelastic
switching is achieved by the movement of TWs, just as magnetic
switching in ferro/ferrimagnetic materials is achieved by the movement
of magnetic domain walls (DWs).
Each twin domain corresponds to a different orientation of the
magnetocrystalline anisotropy axes with respect to the cubic parent
lattice. The monoclinic easy, intermediate, and hard magnetocrystalline
anisotropy axes are [001]m, [010]m and [100]m, respectively, with
[001]m//[001]c, [100]m//[110]c and [010]m//[−110]c in the standard
setting (the subscripts ‘m’ and ‘c’ are used to denote planes and
directions indexed relative to the monoclinic and cubic axes, respectively). The [001]m magnetic easy axis may lie along any one of the six
possible b001Nc directions of the parent cubic phase (Fig. 1). Changes in
the directions of the principal magnetic anisotropy axes at TWs are
expected to have a signiﬁcant impact on the ferrimagnetic domain
structure. Indeed, hysteresis measurements performed on magnetite
samples cooled through the Verwey transition in a range of magnetic
ﬁelds have revealed strong interactions between DWs and TWs
(Halgedahl and Jarrard, 1995; Ozdemir and Dunlop, 1998, 1999;
Kosterov, 2001; Smirnov, 2006a,b; Smirnov, 2007; Kosterov and Fabian,
2008). A small number of studies have been able to image either TWs or
DWs in magnetite below the Verwey transition (Chikazumi et al., 1971;
Otsuka and Sato, 1986; Moloni et al., 1996; Medrano et al., 1999; CarterStiglitz et al., 2006). However, no study to date has successfully captured

T. Kasama et al. / Earth and Planetary Science Letters 297 (2010) 10–17

11

Fig. 1. Symmetrically distinct crystallographic relationships between cubic and monoclinic phases of magnetite. The cubic unit cell is shown as a shaded box. 12 of the 24 possible
unique orientations are shown. The other 12 orientations can be obtained by 180° rotation about the monoclinic a axis.

dynamic images of the cubic-to-monoclinic crystallographic transformation, nor has any study imaged both TWs and DWs simultaneously.
Several fundamental questions regarding the interaction between TWs
and DWs remain: What types of TW form on cooling? Are TWs mobile
and how does their mobility change with temperature and applied
ﬁeld? What happens magnetically at TWs and are all TWs magnetically
similar? Are DWs strongly pinned by TWs? How are the TWs and DWs
that form below the Verwey transition related to the arrangement of
DWs above the Verwey transition? In order to address these questions,
here we use both the Fresnel mode of Lorentz transmission electron
microscopy (TEM) and off-axis electron holography (Harrison et al.,
2007) to observe the formation and interaction of DWs and TWs in real
time with high (b10 nm) spatial resolution.
2. Methods
Sintered polycrystalline magnetite was synthesised from a pressed
pellet of Fe2O3 powder. The sample was annealed at 1573 K in a
controlled atmosphere of 99.39% CO2 and 0.61% CO for 48 hours before
being quenched in water. Magnetic susceptibility measurements
indicated the presence of a sharp Verwey transition at 120–122 K and
a Curie temperature of 851 K. Although these values are close to those
expected for stoichiometric magnetite, slight non-stoichiometry
cannot be completely ruled out given the high synthesis temperature.
For TEM analysis, the magnetite pellet was thinned to electron
transparency using conventional Ar ion milling. TEM observations
were carried out using a 300 kV Philips CM300 Field Emission Gun
TEM, equipped with a Lorentz minilens and a biprism.
Off-axis electron holography involves illuminating the sample
coherently, with the region of interest positioned so that it covers
approximately half the ﬁeld of view. An electron biprism is used to
overlap the electron wave that has passed through the sample with a
reference wave that has passed only through vacuum. Overlap of the two
parts of the electron wave results in the formation of holographic
interference fringes, which contain information about both the amplitude and the phase shift of the electron wave that has passed through the
sample. The phase shift can be used to quantify the in-plane component

of the magnetic induction in the specimen integrated in the electron
beam direction. The Lorentz minilens allows holograms of magnetic
samples to be acquired at high magniﬁcation with the conventional
microscope objective lens switched off and the sample in magnetic-ﬁeldfree conditions. The holograms were always acquired at remanence. The
procedure used to record electron holograms and to extract and
interpret the phase information obtained from them is described in
detail by Dunin-Borkowski et al. (2004) and Harrison et al. (2007). Note
that the interpretation of results obtained using electron holography is
not always straightforward, as they can be affected by the presence of
specimen thickness variations, stray ﬁelds, and the proximity of the
sample edge. The interpretations presented here have been conﬁrmed
by crystallographic analysis, micromagnetic simulations, as well as
image simulations using the methods outlined by Beleggia et al. (2003,
2010).
Fresnel imaging in Lorentz TEM allows a sample’s magnetic structure
to be recorded dynamically in applied magnetic ﬁelds. The image
contrast recorded using this technique results from the deﬂection of the
incident electron beam by the Lorentz force associated with the
projected in-plane component of the magnetic induction in the
specimen. The contrast in such images gives rise to bands of bright
or dark intensity at the positions of magnetic domain walls (Kasama
et al., 2009).
The low-temperature experiments were performed using a Gatan
liquid nitrogen cooling TEM specimen holder, which can reach a
minimum nominal temperature of ∼ 100 K. All images were collected
at this temperature. Micromagnetic simulations were performed
using a customised version of the LLG micromagnetic simulator
(Scheinfein, 2008). Anisotropy values used were: Ka = 25.5, Kb = 2.78,
Ku = 2.1, Kaa = 1.8, Kbb = 1.8, Kab = 7 × 105 erg/cm3 (Abe et al., 1976).
3. Results
3.1. Transition mechanism on cooling
Video images recorded during cooling across the Verwey transition
reveal that the transition proceeds via the nucleation and growth of
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orientational variants of the monoclinic phase (Supplementary
Movie 1). We observe distinct interfaces between the monoclinic and
cubic phases, which sweep through the crystal as the monoclinic regions
grow, eventually impinging upon one another to form a mosaic of
micrometer-scale monoclinic twin domains (referred to here as Type 1
twins) that are separated from each other by jagged TWs (Fig. 2a). The

Type 1 twin domains are subdivided further by lamellar twins that are
oriented parallel to (001)m (referred to here as Type 2 twins; Fig. 2b).
Pairs of closely-spaced Type 2 TWs are often observed to join at their
ends to form needle twins, which move in response to thermal or
magnetoelastic stress at temperatures below the Verwey transition by
the advancement and retraction of their needle tips. Lateral motion of

Fig. 2. (a, b) Bright-ﬁeld TEM image of magnetite with Type 1 and Type 2 twins below the Verwey transition, acquired close to focus. The bright-ﬁeld image displays sharp diffraction
contrast between differently oriented crystallographic twin domains and dark, curving ‘bend contours’ caused by slight distortions of the TEM foil. A Type 1 TW is marked with a white line
in (b). The region to the left of this TW has its [001]m magnetic easy axis oriented roughly top-to-bottom. The region to the right has its easy axis oriented roughly left-to-right. (c–f) Lorentz
TEM images of the region shown in (a) and (b) acquired in different applied ﬁelds (H). In Lorentz mode, magnetic DWs show up as either thin bright lines or broader dark lines. The
magnetic contrast is achieved by simply taking the image out of focus. White arrows with dark outlines show the inferred magnetisation direction in each magnetic domain. Magnetic ﬁelds
were applied by tilting the sample in the presence of a vertical ﬁeld of 92 mT. Applied in-plane ﬁelds were: (c) 2 mT, (d) 5 mT, (e) 8 mT and (f) 15 mT. The ﬁeld direction is shown in (b). The
sequence (c–f) shows a 180° DW being driven to the right by the increasing applied ﬁeld, resulting in the conversion of the conventional 90° DW into an apparently ‘divergent’ 90° DW. See
Fig. 5 for the corresponding micromagnetic simulation.
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Fig. 3. (a) Lorentz TEM image showing a magnetic domain wall (central bright line running top-to-bottom) intersecting several Type 2 twins (bright and dark bands running left-to-right).
(b) Magnetic induction map measured by electron holography superimposed on a bright-ﬁeld image, showing the presence of a 180° magnetic domain wall across the Type 2 twins,
terminating at a 90° closure domain at the bottom. The intensity of the projected in-plane magnetic induction is inversely related to the spacing of the contour lines (the closer the spacing
the higher the induction). The direction of the projected in-plane magnetic induction is indicated by the colour of the contour lines, according to the colour wheel (inset). The apparently
less-than-180° angle between the induction direction on either side of the DW is an artefact caused by the non-uniform thickness of the sample (see Beleggia et al., 2003 , 2010 for a detailed
discussion of how specimen thickness variations and stray ﬁelds affect the interpretation of electron holography results).

Type 1 and Type 2 TWs is not generally observed, other than within a
few degrees of the phase transition temperature. Type 2 TWs on
opposite sides of a Type 1 TW are roughly perpendicular, suggesting that
adjacent Type 1 twin domains have their [001]m axes parallel to
different b001Nc directions.

3.2. Magnetic structure below the transition
In Lorentz TEM images, DWs appear as either bright or dark lines
(Fig. 2c). Mobile DWs intersect Type 2 TWs at ∼ 90° and show no
resolvable change in orientation when passing from one Type 2 twin
domain to the next. This observation suggests that the easy,
intermediate and hard axes are the same in each Type 2 twin domain
(i.e. domain pairs I–III, II–IV, V–VII, VI–VIII, IX–XI, and X–XII in Fig. 1
would be separated by a Type 2 TW). These mobile DWs are 180°
walls, which separate regions that are magnetised parallel and
antiparallel to the [001]m easy axis (Fig. 3). Lateral motion of these
DWs is observed in applied ﬁelds as low as 1–2 mT, but is impeded by
pinning at Type 2 needle tips. Such pinning is presumably magnetostrictive in origin, as local stresses are known to be present at needle
tips (Salje, 1993; Salje et al., 1998). Strong Lorentz contrast is
observed along jagged Type 1 TWs (Fig. 2c), indicating the presence of
a magnetic DW. Electron holography shows that these TWs are
typically associated with immobile 90° DWs that result from the
change of an [001]m easy axis to an alternate b001Nc direction
(Fig. 4). Two distinct types of immobile 90° DW are observed.
Conventional 90° DWs exhibit strong Lorentz contrast and are formed
when the magnetisation points towards the TW in one twin domain
and away from the TW in the adjacent domain (Fig. 2c and d). The
magnetisation within the wall itself is normal to the TW. Apparently
‘divergent’ 90° DWs are associated with reduced Lorentz contrast, and
are formed when the magnetisation points away from, or towards, the
TW in both twin domains (Fig. 2e and f). Such divergent DWs are
readily reproduced in micromagnetic simulations, which predict that
the magnetisation within the wall itself is parallel to the TW, thereby
reducing the density of magnetic poles (Fig. 5).
The interaction of DWs with each other and with Type 1 and Type 2
twins was explored by subjecting samples to magnetic ﬁelds generated
by the TEM objective lens. The Lorentz TEM images shown in Fig. 2
demonstrate the effect of driving a mobile 180° DW (dark Lorentz

Fig. 4. (a) Lorentz TEM image of a region with a Type 1 twin wall and (b) its magnetic
induction map. The magnetic induction map was obtained from the region marked with a
box in (a). The magnetization direction is perpendicular to the Type 2 twins, and therefore
creates a 90° magnetic domain wall across the Type 1 twin wall. The left-side magnetic
domain has more widely spaced contours than the right-side domain, indicating a
signiﬁcant out-of-plane magnetic component. This creates stray ﬁelds above and below
the region, which contribute to the apparent curvature of the contours in this domain
(Beleggia et al., 2003, 2010). The bright region is a hole in the sample.
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Fig. 5. Micromagnetic simulation of conventional and ‘divergent’ 90° walls at a Type 1 TW.
Simulation size is 1000× 1000× 100 nm with a micromagnetic element size of 10 nm3.
View direction is [001]c. The [001]m easy axis was chosen to be along [100]c in the upper
right domain (i.e. parallel to X) and along [010]c in the lower left domain (i.e. parallel to Y),
with the Type 1 TW oriented parallel to (110)c. A conventional 90° DW is observed in the
central section of the TW. Two ‘divergent’ 90° DWs are observed in the upper left and lower
right sections of the TW.

contrast) towards a 90° DW (bright Lorentz contrast) formed by a Type
1 TW (Fig. 2c). As the ﬁeld is increased, the 180° DW is propelled
(Fig. 2d) towards the Type 1 TW, where it undergoes a jump to the
position shown in Fig. 2e and is pinned temporarily at the tip of a Type 2
needle twin. The left side of the Type 1 TW is now a divergent 90° DW
with reduced Lorentz contrast. A further increase of the applied ﬁeld
allows the 180° DW to escape its pinning site and to continue to move
along the Type 1 TW (extreme bottom right of Fig. 2f).
A different class of lamellar/needle twins (referred to here as Type 3)
is depicted in Fig. 6. Type 3 twins show dark and bright Lorentz contrast
at their TWs, indicating a change in magnetisation direction on passing
from one twin domain to the next. This change in direction is also
evident from the zigzag path of intersecting 180° DWs. The change in
magnetisation direction varies from ∼60–70° at the sample edge
(where the sample is thinnest) to ∼10–20° in the interior of the sample.
Electron diffraction indicates that the [001]m easy axis is unaffected by
the presence of Type 3 twins, but that the [010]m intermediate and
[100]m hard axes are interchanged (i.e. domain pairs I–II, III–IV, V–VI,
VII–VIII, IX–X, XI–XII in Fig. 1 would be separated by a Type 3 TW). The
[001]m easy axis is indicated by the arrow in Fig. 6 and is oriented
approximately 45° out of the plane of the sample. Micromagnetic
simulations (Fig. 7) suggest that the magnetocrystalline anisotropy of
magnetite is sufﬁciently high below the Verwey transition to permit
out-of-plane magnetisation, despite the large demagnetising energy of
the TEM foil. Towards the sample edge the magnetisation is forced to
rotate into the plane of the specimen by the increasing demagnetising
ﬁeld of the TEM foil. Rotation occurs within the (100)m plane (deﬁned
by the [001]m easy and [010]m intermediate axes). The orientation of the
(100)m plane changes abruptly across Type 3 TWs, resulting in the
zigzag magnetisation pattern visible in Fig. 6. In thicker regions of the
specimen, the magnetisation remains out-of-plane and close to [001]m,
reducing the magnitude of the zigzag. Lateral motion of 180° DWs does
not appear to be impeded by the presence of the Type 3 TWs. However,
adjacent DWs often join together at a Type 3 TW to form a broad needlelike structure (Supplementary Fig. 1). A critical ﬁeld is needed to force

Fig. 6. Magnetic induction map of monoclinic magnetite with Type 3 twins measured by
electron holography. The induction map is overlaid onto a Lorentz TEM image. The [001]m
axis points roughly 45° out of the specimen plane and is the same in each twin domain. The
schematic diagram (inset) shows the positions of observed ferroelastic twin walls. Large
and small arrows indicate the projection of the [001]m easy and [010]m intermediate axes
onto the specimen plane, respectively. See Fig. 7 for a corresponding micromagnetic
simulation and Supplementary Fig. 1 for an expanded ﬁeld-of-view image of this area.

this magnetic needle tip to penetrate the adjacent twin, whereupon it
undergoes a jump to the next TW (Supplementary Movie 2).
Fig. 8 depicts a special case of Type 1 twins (referred to here as
Type 1′), viewed along a b111Nc direction. Although Type 1 and Type
1′ twins each involve a switch of the [001]m easy axis to a different
b001Nc direction, Type 1′ twins lack accompanying Type 2 twins and
show little or no diffraction contrast between adjacent twin domains.
Unlike Type 2 and Type 3 twins, which show strong diffraction
contrast due to the different orientations of their spontaneous strain
tensors, Type 1′ twins display little diffraction contrast because the
spontaneous strain tensor has rhombohedral symmetry (Wright et al.,
2000), with its three-fold axis parallel to b111Nc. A 120° rotation
about b111Nc then has the effect of interchanging the [001]m easy
axes, creating a Type 1′ twin, but the spontaneous strain tensor
remains invariant. Three Type 1′ twin domains are present in Fig. 8,
each having their [001]m easy axis along a different b001Nc direction.
The lack of strain contrast between the adjacent Type 1′ twins is
evident from the meandering paths of their boundaries. High strain
contrast would produce a TW with a sharply-deﬁned crystallographic
orientation. 180° DWs are present in the left and right Type 1′ twin
domains, but are absent from the central twin. A similar conﬁguration
can be reproduced using micromagnetic simulations (Fig. 9). The
intersection of 180° DWs with the right hand boundary creates an
alternating sequence of strong and weak Lorentz contrast (Supplementary Fig. 2), similar to that observed for conventional and
divergent 90° walls in Fig. 2e.
3.3. Magnetic behaviour on heating and cooling through the transition
A complex sequence of magnetic domain structure changes is
observed on heating and cooling through the Verwey transition in zero
applied magnetic ﬁeld (Supplementary Movies 3–5). On heating, lateral

T. Kasama et al. / Earth and Planetary Science Letters 297 (2010) 10–17

15

Fig. 7. Micromagnetic simulation of Type 3 TWs in magnetite. Simulation size is a) 1000 × 1000 × 150 nm and b) 1000 × 1000 × 50 nm with a micromagnetic element size of 10 nm3.
View direction is [101]c. The [001]m easy axis was chosen to be parallel to [001]c, which points 45° out of the plane of the simulation. A model of a Type 3 twin domain, bounded by
two Type 3 TWs, was created by rotating the magnetocrystalline anisotropy tensor in the central region of the simulation by 90° about [001]c. This rotation has the effect of
interchanging the [010]m intermediate and [100]m hard axes, while leaving the [001]m easy axis unchanged. The simulation was initiated with randomly oriented magnetization
vectors and then allowed to relax by integration of the dynamic Landau–Lifshitz–Gilbert equation. Relaxation resulted in the formation of two DWs at roughly right angles to the
TWs. Results are presented for the X (bottom panel), Y (middle panel), and Z (top panel) components of magnetisation, where X, Y, and Z are the reference axes of the simulation. Red
and blue colours indicate positive and negative components of magnetisation, respectively. The more intense the colour, the larger the magnitude of the magnetisation component.
The largest component of magnetisation is parallel and antiparallel to X (bottom panel), which corresponds to the projection of the [001]m easy axis onto to the plane of the
simulation. A signiﬁcant out-of-plane Z component and in-plane Y component is present in both simulations. The out-of-plane component is larger in (a), indicating that the
moments remain closer to the [001]m easy axis, reducing the zigzag deﬂections of the DWs as they pass through the TWs. In (b) the larger demagnetising energy associated with the
thinner sample forces the moments to rotate towards the plane of the simulation, enhancing the zigzag deﬂection of the DWs.

migration of Type 1 TWs is observed just prior to the phase transition
(Supplementary Movie 3), as the cubic phase nucleates independently
in different regions of the specimen and then grows via the lateral

displacement of cubic-monoclinic interfaces. DWs can then cross from
the cubic to the monoclinic phase, although there is a clear deﬂection of
the DW path as it crosses an interface (Supplementary Movie 5). As the
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Gradual growth of the monoclinic regions is observed, accompanied by
signiﬁcant reorganisation of DWs on either side of the phase interfaces.
Again, there is little evidence that the domain structure below the
transition inherits any characteristics of the domain structure above the
transition. Nevertheless, there is strong evidence of magnetic memory
in magnetite on crossing the Verwey transition (Muxworthy et al.,
2003), and our failure to observe it here may simply be due to the
limited ﬁeld of view.
4. Discussion

Fig. 8. (a) Magnetic induction map of monoclinic magnetite with Type 1′ twins
superimposed on the Lorentz TEM image. Small arrows on the magnetic induction map
indicate local magnetic induction directions. (b) Schematic diagram of (a), showing the
orientation of the [001]m axis for each domain. Regions with the same colour have
the same crystallographic orientation. See Supplementary Fig. 2 for the raw Lorentz
TEM image of this area and Fig. 9 for the corresponding micromagnetic simulation.

cubic regions grow, the monoclinic regions reduce in size until the
interfaces impinge upon one another. Completion of the transition on
heating is followed by large displacements of highly mobile DWs in the
cubic phase, with the magnetic domain structure above the transition
generally bearing little relationship to that below the transition. In some
cases, however, a clear relationship does exist. For example, the 90° DW
observed in Fig. 2c becomes a mobile 180° DW in the cubic phase
(Supplementary Movie 3). On cooling, monoclinic domains separated
by Type 1 and 1′ TWs nucleate suddenly (Supplementary Movie 4).

Fig. 9. Micromagnetic simulation of Type 1′ TWs in magnetite. Simulation size is
1000 × 1000 × 50 nm with a micromagnetic element size of 10 nm3. View direction is
[111]c. A model containing three Type 1′ twin domains, bounded by two Type 1′ TWs,
was created by rotating the magnetocrystalline anisotropy tensor by 120° about [111]c.
The simulation was initiated with randomly oriented magnetization vectors and then
allowed to relax by integration of the dynamic Landau–Lifshitz–Gilbert equation. The
direction of the in-plane magnetic induction is indicated by the colour wheel.

Low-temperature measurements of magnetite have many applications in rock magnetism. A pronounced anomaly in low-temperature
remanence on warming through the Verwey transition reveals the
presence of trace amounts of magnetite in natural samples and can also
be used to characterise the concentration, composition and oxidation
state of the magnetite grains. Thermal cycling through the isotropic
point and Verwey transition is often used as a method for removing the
majority of unwanted remanence held by pseudo-single-domain (PSD)
and multi-domain (MD) grains, as the dramatic changes in magnetic
domain structure that accompany the Verwey transition during heating
and cooling erase any memory of the original domain conﬁguration.
More recently, the delta ratio test (Moskowitz et al., 1993), which
compares the remanance properties of samples after cooling through
the Verwey transition in a strong ﬁeld and in zero ﬁeld, has been
developed as a method for detecting chains of magnetite nanocrystals
that are typically associated with magnetotactic bacteria.
Our observations provide a new foundation for the interpretation of
the low-temperature magnetic behaviour of magnetite. Many unusual
properties of magnetite, such as the magnetic ﬁeld-memory effect
(Smirnov, 2006b), have been attributed to twinning in a generic sense. It
is clear now, however, that different classiﬁcations of TW appear below
the transition, each with a unique magnetic signature. Of the twin
structures identiﬁed here, Type 1 and Type 1′ twins are associated with
90° changes in the [001]m easy axis direction, and are expected to play a
dominant role in determining low-temperature magnetic properties,
with Type 2 and 3 needle twins playing an important secondary role due
to their ability to impede the motion of DWs.
The ability of Type 1′ twins to produce a 90° rotation of the
ferrimagnetic easy axis without signiﬁcant lattice distortion allows the
formation of nanometer-scale magnetic domain structures that are
deﬁned strictly by the underlying crystallography. These observations
raise the possibility that ultra-ﬁne-scale twin structures may form
readily in sub-micron PSD and even single-domain (SD) grains of
magnetite—the dominant carriers of paleomagnetic remanence.
Type 1′ twinning provides a low-energy mechanism for the
stabilisation of non-uniform magnetisation states, since it permits the
easy axis to switch on a very short length scale with little energy penalty
in terms of lattice strain. Such ﬁne-scale twin domains may be hard to
detect microscopically due to the lack of diffraction contrast between
them, but their presence may be essential to explain the unusual
hysteretic properties of PSD magnetite observed below the transition
(Smirnov, 2006a; Smirnov, 2007; Kosterov and Fabian, 2008). In such
grains, the non-uniform magnetisation state above the Verwey
transition may provide a template for the formation of Type 1′ twins
below the transition, and vice versa. This possibility may provide an
explanation for why low temperature demagnetization techniques are
often unable to completely remove secondary magnetizations held by
MD and PSD grains.
Furthermore, this possibility also has important implications for the
magnetic remanence carried by PSD grains in certain classes of
meteorites, which may have been cycled through the Verwey transition
multiple times during their journey from the cold outer reaches of space
to their ﬁnal resting place on Earth. Although MD grains would be
expected to lose their primary remanence during such cycling, PSD
grains may retain a memory if the nucleation of Type 1′ twins is
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dominated by pre-existing non-uniform magnetic microstructures
rather than by the magnitude and direction of the ambient magnetic
ﬁeld. Although microscopy of PSD grains is a challenging prospect, the
nature of the ferrimagnetic/ferroelastic domain interactions revealed
here for MD samples provides the basis for micromagnetic computer
simulations of PSD grains in the near future.
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