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The crystallographic and magnetic microstructure of magnetite (Fe3O4) below the
Verwey transition (!120 K) is studied using transmission electron microscopy.
The low temperature phase is found to have a monoclinic C-centered lattice with
a c-glide plane perpendicular to the b-axis, which allows twin-related crystal
orientations to be distinguished. Off-axis electron holography and Lorentz
electron microscopy are used to show that magnetic domains present at room
temperature become subdivided into sub-micron-sized magnetic domains below
the Verwey transition, with the magnetization direction in each magnetic domain
oriented along the monoclinic [001] axis. The nature of the interactions between
the magnetic domain walls and the ferroelastic twin walls is investigated. Cooling
and warming cycles through the transition temperature are used to show that a
memory effect is likely to exist between the magnetic states that form above and
below the transition. Our results suggest that ferroelastic twin walls have a strong
influence on the low temperature magnetic properties of magnetite.
Keywords: magnetite; Verwey transition; low temperature magnetic properties;
ferroelastic twins; multiferroics; transmission electron microscopy

1. Introduction
The Verwey transition has a profound impact on the physical and magnetic properties of
magnetite (Fe3O4) [1–3]. Below a transition temperature of !125 K, magnetite transforms
from a cubic to a monoclinic [4–13] structure, resulting in an order of magnitude increase
in magnetocrystalline anisotropy [14,15]. The combination of enhanced anisotropy with
the pervasive development of fine-scale ferroelastic twinning has dramatic consequences
for the ferromagnetic domain structure, due to the enforced switching of magnetocrystalline easy axes that occurs across twin domain boundaries [16–28]. Understanding the
nature of the interaction between magnetic domain boundaries and ferroelastic twin
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boundaries is of critical importance, not only in magnetite, but also in multiferroic
materials in general. In Part I of this article we use several TEM techniques including
electron diffraction, Lorentz imaging and off-axis electron holography to examine the
nature of the interactions between ferroelastic twins and ferrimagnetic domain walls below
the Verwey transition in magnetite. In Part II, we demonstrate how these experimental
observations can be explained theoretically using micromagnetic simulations, and develop
an image simulation methodology that allows direct comparison between experiment and
theory.
Kasama et al. [29] carried out the first TEM measurements to image both the magnetic
and the crystallographic microstructure of magnetite below the Verwey transition. They
identified three distinct types of ferroelastic twin boundaries, each of which has a
fundamentally different impact on the orientation of the magnetocrystalline anisotropy
axes. Here we provide new crystallographic and magnetic information about each of these
twin boundary types, and describe in situ microscopic observations of how magnetic
information is transferred between the cubic and monoclinic phases on cooling and
warming through the Verwey transition. These observations are of particular relevance to
rock magnetic studies, where cooling and warming through the Verwey transition in zerofield conditions is commonly used as a method to demagnetize multi-domain magnetite
particles prior to subsequent paleomagnetic analysis.

2. Experimental details
Polycrystalline magnetite was synthesized by pressing a pellet of Fe2O3 powder, firing it
for 24 h at 1573 K in an oxygen fugacity fO2 ¼ #5.3 (99.4% CO2; 0.6% CO) and then
quenching it into water. The resulting grain size was typically 10–30 mm. Magnetic
susceptibility measurements showed a clear Verwey transition at 120 K. Measurements of
saturation magnetization (87 Am2 kg#1), coercivity (0.72 mT) and Curie temperature
(853 K) confirmed it to be multi-domain magnetite with the composition of its endmember. For TEM examination, the sample was polished mechanically down to 20-mmthick slices, which were then thinned to electron transparency by Ar ion milling.
A Philips CM300 field emission gun (FEG) TEM and an FEI Titan 80-300ST FEG
TEM, both equipped with a Lorentz minilens and an electrostatic biprism, were used to
study the sample in magnetic-field-free conditions at an accelerating voltage of 300 kV.
Electron diffraction experiments were carried out on these microscopes, as well as on an
FEI Tecnai T20 TEM operated at 120 kV and on a Hitachi HF3000L TEM operated at
300 kV. The HF3000L allows lateral magnetic fields of up to !60 mT to be applied to
specimens in situ in the TEM.
The Fresnel mode of Lorentz electron microscopy and off-axis electron holography
were used to study magnetic properties of the magnetite specimen both above and below
the Verwey transition. Lorentz electron microscopy allows changes in magnetic microstructure to be recorded dynamically either in the absence or in the presence of an applied
magnetic field. The image contrast results from deflection of the incident electron beam by
the Lorentz force associated with the in-plane component of the magnetization in the
specimen and gives rise to bands of bright or dark intensity at the positions of magnetic
domain walls, from which the direction of the local magnetic moment in the specimen can
often be inferred [30].
Off-axis electron holography has been used to characterize the magnetic microstructure
of a wide variety of materials with high spatial resolution [31–35]. The technique involves
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using an electrostatic biprism to overlap the electron wave that passes through the region
of interest on the sample with another part of the electron wave that passes only through
vacuum to form a holographic interference fringe pattern that contains information about
both the amplitude and the phase shift of the electron wave that passes through the sample
[36]. The phase shift can be used to quantify the in-plane component of the magnetic
induction within and around the specimen integrated in the electron beam direction. In
general, the desired magnetic phase shift must be separated from the mean inner potential
(MIP) contribution to the phase shift using approaches that are described elsewhere [36].
In this study, however, our experimental observations revealed that there was no
significant difference between magnetic induction maps obtained with and without the
elimination of the MIP contribution. For this reason, the magnetic induction maps
presented in this article contain the MIP contribution in order to avoid introducing
additional artifacts during image processing. This approach proved to be reliable both
because the present sample was a single-phase material and because the sample was
relatively uniform in thickness.
Selected-area electron diffraction (SAED) and convergent-beam electron diffraction
(CBED) were used to determine the space group and crystallographic orientation of each
region of interest and to identify local twin variants through comparisons with diffraction
patterns simulated using ‘JEMS’ electron microscopy simulation software [37]. For the
simulations we used a structural model proposed by Zuo et al. [7], with monoclinic Cc
symmetry with a ¼ 1.1868 nm, b ¼ 1.1851 nm, c ¼ 1.6752 nm, and ! ¼ 90.2$ , since our
examination for the space group confirmed that low temperature magnetite had
monoclinic Cc symmetry (see ‘Confirmation of space group Cc’).
The relationship between the low temperature monoclinic (m) cell and the high
temperature cubic (c) cell is given in Figure 1. The change in point group symmetry from
m3m to m on decreasing the temperature below the Verwey transition results in 24 possible
crystallographic orientations of the monoclinic phase with respect to the cubic phase [29].
Although the [001]m axis can lie along any h001ic direction of the parent cubic phase, by

Figure 1. Relationship between crystallographic axes in magnetite in the monoclinic unit cell below
the Verwey transition (solid line) and the cubic unit cell above the Verwey transition (shown in grey).
The monoclinic distortion (! ¼ 90.2$ ) is not shown.
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! c. The spontaneous strain
convention we set [001]m//[001]c, [100]m//[110]c and [010]m//[110]
tensor corresponds to a rhombohedral distortion of the pseudo-cubic unit cell, with the
axis of elongation parallel to [111]c. In the cubic phase, the magnetic easy axes are h111ic
for T > 130 K and h100ic for 120 < T < 130 K, where the first cubic-magnetocrystalline
anisotropy constant is zero [15]. In the monoclinic phase, the easy, intermediate and hard
axes are [001]m, [010]m and [100]m, respectively.
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3. Results and discussion
Figure 2 shows conventional TEM images and corresponding SAED patterns recorded
from synthetic magnetite above and below the Verwey transition, which was observed to
take place at 120 K. Below the transition, twin domains with widths of between !20 nm and
5 mm form as a result of the transformation from the cubic to the monoclinic phase. The
SAED patterns below the transition show additional low order reflections, whose intensities
are !1000 times lower than those of the strong fundamental reflections (Figure 2d).
3.1. Confirmation of space group Cc
Previous CBED work [4] for the low temperature phase of magnetite revealed the
presence of a c-glide plane, which was determined from dynamical extinction lines for

Figure 2. Conventional TEM images and corresponding SAED patterns recorded from the same
region of a synthetic magnetite specimen; (a, b) above and (c, d) below the Verwey transition. In (c),
ab-twining about the monoclinic c-axis is observed, with the monoclinic a- and b-axes interchanged
between adjacent twins. Line-like contrast in (a) and (c) originates from dislocations. (e) Energyfiltered convergent-beam electron diffraction pattern acquired from [001]m magnetite below the
Verwey transition, showing only strong fundamental reflections.
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00l (l ¼ 2 n þ 1) and 2, 0, &43 reflections, as well as a mirror plane in an [001]m CBED
pattern, providing evidence that the space group is Cc. Zuo et al. [7] also noted the absence
of &20, 0, 1 reflections, which should not be present kinematically if the crystal has a
c-glide plane. The determination of the space group is complicated by the fact that the
vertical magnetic field of the microscope objective lens forces the magnetic easy axis [001]m
into the direction parallel to the electron beam, making it difficult to obtain diffraction
patterns with the monoclinic c-axis perpendicular to the electron beam direction.
Therefore, the sample was cooled below the Verwey transition in zero field to increase
the proportion of domains with an in-plane monoclinic c-axis. SAED patterns were
acquired in conventional TEM mode with the objective lens switched on.
Figure 3 shows experimental SAED patterns acquired from magnetite at various zone
axis orientations at 90–100 K, whose temperature is well below the Verwey transition. In
the [001]m pattern shown in Figure 3(b), reflections for which h þ k ¼ 2n þ 1 are absent,
! m pattern, 00l (l ¼ 2n þ 1)
indicating that the lattice type is C-centered. In the [110]
reflections, which are forbidden due to the presence of a c-glide plane, are absent or very
weak (Figure 3a). The fact that 00l (l ¼ 2n þ 1) and h0l (h, l ¼ 2n þ 1) reflections are absent
in the [010]m pattern shown in Figure 3(e) is also consistent with the presence of a c-glide
plane. Note that the forbidden reflections for the presence of a c-glide plane often exist in
diffraction patterns due to dynamical multiple scattering (e.g., 00l (l ¼ 2n þ 1) reflections in
the [100]m pattern). The [001]m CBED pattern appears to have a mirror plane
perpendicular to [010]m and does not show higher symmetry (such as 2 mm for point
group 2/m in the projected pattern), suggesting that the point group is m (Figure 2e).

Figure 3. (a–f) Experimental SAED patterns recorded from several orientations of magnetite below
the Verwey transition and corresponding kinematic simulations assuming space group Cc. In the
experimental pattern in (d), the 00l reflections (l ¼ 2n þ 1) are due to dynamical multiple scattering.
(g, h) Experimental SAED patterns acquired from [010]m and [111]m magnetite below the Verwey
transition, showing different reflections in the higher-order Laue zones (arrowed). The symbols ‘c'0$ ’
and ‘c'45$ ’ refer to monoclinic c-axes that are oriented in the plane and at 45$ to the plane of the
specimen, respectively.
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From these measurements, therefore, the space group of low temperature magnetite was
found to be Cc, in agreement with previous studies [4–7].

3.2. Determination of crystallographic orientation
Kinematic simulations of SAED patterns were carried out for space group Cc using the
lattice parameter proposed by Zuo et al. [7] for comparison with the experimental SAED
patterns shown in Figure 3(a–f). Dynamical diffraction patterns were also calculated using
the crystal structure model of Zuo et al. [7] (not shown). Although there are some
differences in the dynamical diffraction intensity, the similarity of the experimental and
kinematically calculated patterns suggest that space group Cc is an adequate model for
interpreting the low-temperature diffraction patterns of magnetite.
! m or [110]m
Figure 3 confirms that magnetite has different monoclinic [001]m and [110]
diffraction patterns, whereas the equivalent patterns for the cubic phase are identical. The
! m and [110]m patterns show closer-spaced reflections with a d-spacing of 1.6 nm along
[110]
! m and [110]m patterns
the monoclinic c-axis, due to c-axis doubling (Figure 3a). The [110]
cannot be distinguished from each other within the accuracy of the current diffraction
experiment. In the [001]m pattern, the monoclinic a- and b-axes are distinguishable by the
absence or low intensity of h0l (l ¼ 2n þ 1) reflections in the first-order Laue zone (FOLZ)
and by the greater intensity of the 020 reflection in comparison to the 200 reflection. The
latter relationship is predicted to be independent of specimen thickness according to
dynamical calculations.
In the cubic h110ic orientations, there are three different diffraction patterns present in
the low-temperature phase: [100]m, [010]m and [111]m. The [100]m pattern has distinctive
reflections in the zeroth-order Laue zone (ZOLZ) as a result of c-axis doubling (Figure 3d).
The patterns for [010]m and [111]m (Figure 3e and f) are almost the same in the ZOLZ but
have characteristic features in the higher-order Laue zone (HOLZ). The [010]m pattern has
closely spaced reflections that are related to the monoclinic c-axis in the first-order Laue
zone (FOLZ), whereas they are absent for [111]m. This difference allows each orientation
to be distinguished unambiguously. When viewed from directions that are equivalent to
! m or [11
! 1]
! m), the patterns are identical to each other and cannot be
[111]m (e.g., [111]
distinguished within the accuracy of this diffraction experiment (Figure 3f).
As there are no significant differences between the diffraction patterns for the
orientations that were originally cubic h111ic, their crystallographic orientations cannot be
distinguished at low temperature (Figure 3c). Despite these limitations, the crystallographic orientations of individual magnetite twin domains can be determined sufficiently
well for the purpose of the present study.

3.3. Propagation of monoclinic domains
As expected for a first-order phase transition, co-existence of the high and low temperature
phases is observed as the transition proceeds. Figure 4 shows a video frame sequence,
illustrating how the cubic phase is gradually replaced by the growing monoclinic phase
during zero field cooling (see Supplementary Movie 1 in Kasama et al. [29]). Above the
transition temperature, no twins are present in the cubic phase (Figure 4a). The band-like
contrast results from dynamical diffraction, associated with local changes in specimen
shape, thickness and/or strain. With decreasing temperature, the monoclinic phase
develops from the top and bottom (Figure 4b and c). The boundaries between the cubic
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Figure 4. (a–e) Time sequence of conventional TEM images showing the development of monoclinic
magnetite domains across the Verwey transition, captured using a video recorder. The viewing
direction is [111]c. The specimen cooling rate is approximately 0.08$ C/s. The relative time at which
each image was recorded is: (a) 0, (b) 12, (c) 21, (d) 33 and (e) 54 s. The arrows show the positions of
phase boundaries, with ‘c’ and ‘m’ referring to cubic and monoclinic regions, respectively. (f) Type 1
twin boundary in monoclinic magnetite across which the c-axes of neighboring domains change by
90$ . The c-axis in each domain is oriented perpendicular to the fine-scale Type 2 twins.

and monoclinic phases (indicated by the white arrows) are straight and sharp, and
sweep through the crystal at a speed of !100 nm/s when the temperature is decreased by
0.08$ C/s. In Figures 4(a–e), the upper and lower monoclinic domains happen to have the
same monoclinic c-axis orientation (the projected monoclinic c-axis is perpendicular to
fine-scale Type 2 twin planes present in the bottom domain – see Section 3.4 for a
definition of twin types) and a single larger domain is formed on impingement. In contrast,
when neighboring domains with different monoclinic c-axis orientations impinge, they
form an irregular domain boundary, as shown in Figure 4(f ). The monoclinic domains on
each side of this boundary are subdivided by fine-scale lamellar and/or needle twins. These
fine-scale twins lie perpendicular to the monoclinic c-axis, which changes its orientation by
!90$ on crossing the irregular boundary. The needle twins remain mobile below the
transition temperature via a mechanism of advancement or retraction of their needle tips
(a mechanism that dominates twin dynamics in ferroelastic materials under conditions of
low applied stress [38–40]). Needle tip displacement occurs in response to stresses that
develop as a consequence of thermal contraction during continued cooling, or through
local heating by the electron beam [41].
Our observations show that the monoclinic phase is able to develop from the specimen
edge, as shown in Figure 4, while Otsuka and Sato [27] found only the cubic phase close to
the specimen edge and only the monoclinic phase in thicker regions away from the
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specimen edge. The difference between these observations can be explained by local
heating of the specimen by the electron beam. When we used a TEM equipped with a LaB6
gun, which produces an electron beam current much larger than that of the FEG TEM
used in this study, a similar phenomenon to that seen by Otuska and Sato [27] was
observed, i.e., thinner regions close to the specimen edge were heated above the transition
temperature.
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3.4. Types of ferroelastic twin
Three primary types of ferroelastic twin are observed in magnetite at low temperature [29].
Type 1 twins involve a 90$ change in the monoclinic c-axis direction, and hence a 90$
switch in the magnetocrystalline easy axis (Figure 4f). Type 1 twin boundaries are typically
irregular and are readily identified in conventional TEM images by the sudden change in
orientation of the finer scale twins (Type 2) across the boundary. Type 1 twins are formed
when monoclinic domains with different crystallographic orientations, which nucleated
independently at different sites, merge together, as shown in Figure 4(f ). Occasionally,
Type 1 twin boundaries do not produce any strain contrast in conventional TEM images,
as the orientation of the spontaneous strain tensor is identical in adjacent domains [29].
Such ‘invisible’ Type 1 twins are referred to as Type 10 , but are otherwise identical to Type
1 twins. Type 2 twins are related by reflection in the (001)m plane and exist mostly as finescale twins within large monoclinic domains. This operation creates a change in the
orientation of the spontaneous strain, but leaves the magnetic easy, intermediate and hard
axes unchanged [29]. Type 3 twins are related to each other by a 90$ rotation about the
monoclinic c-axis, such that the magnetic easy axis is left unchanged but the intermediate
b-axis and hard a-axis are interchanged (Figure 2c and d). Although some studies have
reported the presence of zigzag monoclinic c-axis twinning in which neighboring domains
share their monoclinic a- and b-axes [7,13,26], such relationships were not observed in this
study, perhaps because of a lack of visibility when the viewing orientations are close to
[001]m and/or because of a lack of sensitivity in the detection of split twin reflections.

3.5. Magnetic structure above the Verwey transition
Lorentz images recorded at room temperature show magnetic domains with sizes in the
range of 500 to 3000 nm, which are usually separated by 180$ magnetic domain walls. 90$
magnetic domain walls and vortex states are observed locally in regions close to the
specimen edge (Figures 5a and 6b and c).
Unlike Lorentz imaging, off-axis electron holography provides quantitative magnetic
information, although it suffers from the drawback that only regions close to the specimen
edge can be examined. Figure 6(b) and (c) show remanent magnetic states recorded at
room temperature from the region marked ‘1’ in Figure 5(a), after applying magnetic fields
in different directions. Figures 5(a) and 6(c) correspond to the same magnetic state.
These magnetic states are usually reproducible after the same field is applied and their
details depend on the applied field direction. This behavior results from the absence of
crystallographic defects, which would act as pinning sites. The magnetization direction
changes gradually and follows the specimen edge in most cases. 90$ magnetic domain
walls, which are visible in Figure 6(b), are present primarily in the form of closure domains
at the specimen edge [42]. In Figure 6(c), the vortex states shown in Figure 5(a) as bright
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Figure 5. Lorentz images acquired from the same region of a magnetite specimen (a) above and (b)
below the Verwey transition. The arrow marked ‘H’ indicates the applied magnetic field direction.
The image in (b) was obtained at remanence after the sample was cooled from the magnetic state
shown in (a) to 120 K in zero field. Boxes ‘1’ and ‘2’ indicate regions examined using off-axis electron
holography in Figures 6 and 7, respectively. The images were acquired at an overfocus of 317 mm.
GB: grain boundary, VS: vortex state.

spots are clearly observed, although the direction and magnitude of the magnetization are
affected by the local thickness variation of the specimen.

3.6. Magnetic structure below the Verwey transition
Below the Verwey transition, the magnetic structure is significantly different from that
observed at room temperature, with a stripe-like magnetic remanent state visible in
Figure 5(b). The magnetic domain structure is more complicated, with domain sizes that
can be as small as several tens of nanometres. Similar complexity has been observed on a
different length scale by magnetic force microscopy (MFM) [28].
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Figure 6. (a) Conventional TEM image and (b–d) magnetic induction maps (1 ( phase amplification) recorded using electron holography from the region marked ‘1’ in Figure 5. The images in
(b) and (c) were acquired at room temperature at remanence after applying a 1 T in-plane field to the
specimen in opposite directions and reducing this field to zero. The arrows marked ‘H’ indicate the
applied magnetic field directions. The irregular feature visible on the left side of (c) is an artifact
caused by diffraction contrast. The image in (d) was acquired at remanence after the magnetic state
shown in (c) was cooled to below 120 K in zero field. The white arrows on the induction maps show
the local magnetization directions. The direction of the magnetic induction is also shown according
to a color wheel (red ¼ right, yellow ¼ down, green ¼ left, blue ¼ up). GB: grain boundary.

Figure 6(d) shows a magnetic induction map measured using electron holography from
the region marked ‘1’ in Figure 5(b), showing closure domains at the specimen edge.
Previous micromagnetic simulations for pseudo-single domain magnetite crystals
predicted that closure domains are unfavorable in monoclinic magnetite [43], while
MFM observations also indicated the absence of closure domains in low temperature
magnetite [28]. In Part II, Bryson et al. [44] investigate the possibility that closure domains
are able to form by the presence of Type 1 twins by means of micromagnetic simulations.
They suggest that the closure domains present in the monoclinic phase of magnetite can be
caused by the formation of ferroelastic twin domains, whose c-axes are at !90$ to each
other. The magnetic domains that are further from the specimen edge have widths of 100–
500 nm and are separated by 180$ domain walls as a result of the large uniaxial
magnetocrystalline anisotropy of the monoclinic phase.
Kasama et al. [29] reported three characteristic magnetic states in magnetite below the
Verwey transition using TEM and micromagnetic simulations. Here, we present additional
observations of their magnetic states and a newly described magnetic state.
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In most cases, the magnetization direction in each ferroelastic domain is found to be
parallel to the [001]m easy axis. The most important magnetic structure is associated with
the formation of immobile 90$ magnetic domain walls, resulting from a change of the
[001]m easy axis to an alternative h001ic direction (the angle between the monoclinic c-axes
of the neighboring domains is then 90$ ). 90$ magnetic domain walls are observed both at
Type 1 and Type 10 twin boundaries, where two monoclinic domains merge (e.g.,
Figure 4f). In addition, Type 10 boundaries can form much finer scale stripe-like magnetic
features within a given region (Figure 5b). The 90$ domain walls are immobile in the sense
that they can only exist at the twin boundaries and always appear at the same position at
remanence even after the application of a 2 T field. This observation implies that Type 1
and Type 10 twin walls themselves do not move in response to an applied magnetic field at
temperatures well below the transition temperature. Video evidence suggests, however,
that Type 1 and Type 10 twin boundaries do become mobile at temperatures approaching
the transition temperature and may then be influenced by the application of a magnetic
field [29].
The stripe-like Lorentz contrast as shown in Figure 5(b) can result from the presence of
a series of immobile 90$ domain walls, which are associated with Type 10 or ‘‘straincontrast-free’’ twins [29]. Although one might intuitively interpret such stripe-like contrast
in a Lorentz image as originating from free-standing 180$ Bloch walls, electron holography
clearly shows that the contrast results from a zigzag magnetic configuration (Figure 7).
The magnetization direction follows the [001]m easy axis of each twin domain and changes
by close to 90$ at each twin boundary. The magnetic domain walls appear at the same
positions even after applying large fields in opposite directions, indicating that they are
defined strictly by underlying crystallographic features. Figure 7(b) shows an electron
holographic magnetic induction map simulated using the approach of Beleggia and Zhu
[45], superimposed on the experimental Lorentz image. The parameters used are given in
the figure caption. The monoclinic c-axis direction in each domain was determined from a
SAED pattern, which indicated that the neighboring monoclinic c-axes are at 90$ to each
other. The variation in specimen thickness was also considered in the simulation in the
form of a wedge, which was measured experimentally from a t/" map obtained by using
electron energy-loss spectroscopy (" is the inelastic mean free path of electrons in the
sample and is estimated to be !170 nm for magnetite at an accelerating voltage of 300 kV
[31] and t is the specimen thickness). Despite the fact that the parameters used in the
simulation were slightly different from the true specimen geometry, the agreement with the
experimental result is satisfactory, except for the magnetization direction in the purple
domains. This inconsistency may be caused by stray magnetic fields associated with the
fact that the [001]m easy axis direction in one of the twin domains points !45$ out of the
specimen plane. Micromagnetic simulations suggest that the observed zigzag magnetic
structure cannot exist without the presence of twins [44]. Thus, these observations and
simulations apparently suggest that the magnetic structure is associated with the presence
of ferroelastic twin domains.
The second important magnetic feature in the monoclinic phase is the presence of
mobile 180$ magnetic domain walls, which normally intersect fine-scale Type 2 twins at
!90$ and separate magnetic domains that are magnetized parallel and antiparallel to the
[001]m easy axis (Figure 8a). Lateral motion of these domain walls is observed in applied
fields as low as 1#2 mT, but is impeded by pinning at fine-scale needle tips [29]. Type 2
twins are associated with a change in the orientation of the spontaneous strain, but not
with a change in the orientation of the magnetic easy, intermediate or hard axes.

Downloaded by [DTU Library] at 02:32 21 December 2012

78

T. Kasama et al.

Figure 7. (a) Experimental magnetic induction map (1 ( phase amplification) showing Type 10 twins
recorded using electron holography at remanence from the region marked ‘2’ in Figure 5(b) after
zero field cooling. (b) Simulated electron holographic induction map overlaid onto the experimental
Lorentz image acquired at an overfocus of 317 mm. The parameters used in the simulation were: 0.6 T
for the magnetic induction, 17 V for the MIP, 165 nm for the width of each twin domain. The wedgeshaped specimen thickness increases by a gradient of 10% from the 110-nm-thick specimen edge. The
symbols ‘c0$ ’ and ‘c45$ ’ refer to c-axes that are oriented in-plane and at 45$ to the plane of the
specimen, respectively. GB: grain boundary, TB: monoclinic twin boundary.

Hence, mobile 180$ domain walls show no deflection on crossing Type 2 twin boundaries
(Figure 8a).
The third magnetic feature is fine-scale zigzag magnetic domains (Figure 8b), which are
associated with Type 3 twins that have a common [001]m easy axis but an interchanged
intermediate monoclinic b-axis and hard monoclinic a-axis. Such zigzag magnetic features
are observed only when the [001]m axis is oriented significantly out of the specimen plane,
as the demagnetizing field of the thin TEM foil then causes the magnetization direction to
rotate towards the intermediate b-axis. This suggests that this magnetic feature may only
be of importance in thinned TEM specimens.
A fourth type of magnetic structure (Figure 8c) results in similar Lorentz contrast to
that shown by the Type 10 magnetic state in Figure 5(b). However, it is associated with the
presence of 180$ magnetic domain walls, as seen in uniaxial magnetic materials such as hcp
cobalt [46]. The domain sizes, which are typically a few hundred nanometers, are even
smaller than those of 180$ lamellar domains that are observed in the cubic phase [42].
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Figure 8. Lorentz images recorded below the Verwey transition, showing (a) Type 2, (b) Type 3 and
(c) Type 4 twins. The symbols ‘c35$ ’ and ‘c45$ ’ refer to c-axes that are oriented at 35$ and at 45$ to the
plane of the specimen, respectively. Magnetic induction maps measured using electron holography
are overlaid onto (b) and (c). Phase contours (1 ( phase amplification) are shown on (b), while thin
arrows have been added to the induction map in (c). Local magnetization directions are also shown
with white arrows on the induction maps. The Lorentz images were acquired at an overfocus of
317 mm. GB: grain boundary, DW: magnetic domain wall.

This magnetic state of Type 4 can form in large monoclinic domains that do not contain
ferroelastic twins and is thought to develop to reduce the magnetostatic energy. The
domain walls are not pinned at crystallographic features and appear at different positions
depending on the applied magnetic field.

3.7. Magnetic-field-dependent crystallographic orientations
It is widely accepted that the application of an external magnetic field during cooling
affects the choice of monoclinic c-axis (e.g., [47]). Figure 9 shows the effect on twin
formation of an external magnetic field on cooling through the Verwey transition. In this
area, the viewing direction is [110]c and one of the principal cubic axes (i.e., [001]c) lies
almost in the specimen plane (!5$ off). When the sample was cooled in zero field, the
monoclinic c-axis formed primarily in the specimen plane (Figure 9a and b). Since the
magnetization in the cubic phase is mostly in-plane, it is perhaps to be expected that this
will dictate the orientation of the monoclinic c-axis during the transformation.
Figure 9(c) and (e) show the effect on twin formation of the application of an external
field to the sample during cooling. In Figure 9(c), a 2T field was applied in the [111]c
direction, which should result in an equal probability for any one of the three cubic axes to
become the monoclinic c-axis. However, as the sample was tilted by 35$ from the cubic
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Figure 9. Conventional TEM images and corresponding SAED patterns recorded from a magnetite
[110]c orientation, after cooling the specimen to below the Verwey transition under different
conditions: (a, b) zero-field cooling; (c–f) cooling in a field of 2 T applied along a direction close to
one of the principal cubic axes. The arrows marked ‘H’ show the components of the applied field
in the plane of the specimen, with the subscripts indicating the angles to the closest principal axes.
In (e), the white arrows indicate twin domain boundaries. In the region marked with a black ellipse
the monoclinic c-axis is in the plane of the specimen, while other regions have their c-axis oriented
partially out of the plane of the specimen. In the diffraction patterns, the symbols ‘c'0$ ’ and ‘c'45$ ’ refer
to monoclinic c-axes that are oriented in-plane and at 45$ to the plane of the specimen, respectively.

! c axis, the sample was subjected to a significant in-plane (!1 T)
(110)c plane about the [110]
component of the applied field in the direction parallel to the cubic axis that lay in the
plane of the sample. As a result, the in-plane cubic axis became the monoclinic c-axis.
Twins were observed even after cooling in a large field, with an appearance similar to that
of twins formed after zero field cooling. The twin types in Figure 9(a) and (c) were not
identified because of the absence of split twin reflections in the SAED patterns (Figure 9b
and d). In contrast, when a magnetic field was applied in a direction (!7$ off) close to a
cubic principal axis (i.e., [100]c) that was oriented at an angle of 45$ from the (110)c plane,
the monoclinic c-axis formed in the direction of the field (Figure 9e and f). These
observations suggest that both internal and external magnetic fields can control the
direction of the monoclinic c-axis. This behavior was also seen during observations using
an HF-3000L TEM, in which the application of lateral magnetic fields to the sample
increased the proportion of domains with a monoclinic in-plane c-axis.
Unexpectedly, a monoclinic domain with an in-plane c-axis were observed close to the
specimen edge, in the region marked with a circle in Figure 9(e), even though a large
magnetic field was applied perpendicular to the monoclinic in-plane c-axis. The formation
of the monoclinic domains is likely to be related to the specimen thickness and/or shape
since they are only present at the specimen edge. Such crystallographic domains that have
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a monoclinic c-axis parallel to the specimen edge could be associated with the origin of
closure domains that appear often at the specimen edge to reduce the magnetostatic
demagnetizing field energy since the monoclinic domains are formed when a significant
magnetization orients toward the specimen edge (Figures 5b, 6d and 10). The observation
is consistent with results of micromagnetic simulations [44].
Although it is commonly assumed that the application of a large field during cooling
prevents twin formation and transforms the cubic axis closest to the applied magnetic field
into the monoclinic c-axis (e.g., [20]), our results show that the process of twin formation is
complicated and that the monoclinic c-axis can adopt a direction perpendicular to the
applied field. We note, however, that this behavior may be specific to thin TEM samples,
and may not be representative of bulk magnetite.

3.8. Low temperature magnetic memory
In order to investigate the evolution of magnetic domains during zero field cooling and
warming cycles across the Verwey transition, the following experiments were carried out:
(1) a Lorentz image was initially acquired at 143 K (above the Verwey transition) after
applying a 2 T field to the sample tilted at þ30$ at !150 K; (2) a second image was
obtained at 103 K (below the Verwey transition) after zero field cooling; (3) a third image
was acquired at 143 K after zero field warming. The same observation was carried out in
the second tilt direction, i.e., using a tilt angle of #30$ . Each experiment was repeated to
assess the reproducibility. The Lorentz images, which are shown in Figure 10, were always
acquired at remanence. Electron holograms were also acquired to determine the local
magnetic field directions. The viewing direction was close to [110]c.
The remanent magnetic states that were recorded initially at 143 K have large magnetic
domains separated by 90$ or 180$ domain walls (Figure 10a, d, g and j). The
configurations of the magnetic domains are identical in the first and second experiments,
implying that the magnetic domain walls form in positions that are energetically favorable,
as dictated by the local demagnetizing fields, the geometry of the specimen edge, the
uneven specimen thickness and defects such as grain boundaries.
At 103 K after zero field cooling, the magnetic domains become smaller and are mostly
separated by 180$ domain walls, except for close to the specimen edge (Figure 10b, e, h
and k). There are also needle-like magnetic domains present, where the magnetization
directions deviate lightly from that in the parent domain. On the whole, however, there is a
good correspondence between magnetization directions observed above and below the
Verwey transition. In the center of the images, for example, the magnetization follows
the specimen edge in the cubic phase, and both the direction and the sense of this
magnetization are preserved at the specimen edge in the monoclinic phase. Similar
preservation of magnetization directions can be seen in the upper left corner of the images,
where the choice of easy axis direction and the formation of 180$ magnetic domain walls in
the monoclinic phase closely match the magnetization pattern observed in the cubic phase.
These observations provide direct evidence that at least part of the overall pattern of
magnetization in the cubic phase is preserved in the monoclinic phase during zero field
cooling. The local differences in magnetization direction between the initial cubic and the
monoclinic phase and between the first and second experiments could be related to
differences in the positions where crystallographic monoclinic domains nucleate, to
differences in the propagation speeds of the monoclinic domains and to magnetic
interactions with neighboring domains.
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Figure 10. Lorentz images acquired during cycles of zero field cooling and warming through the
Verwey transition. The experiment was repeated twice (first and second experiments) for each of two
different applied field directions (a–f and g–l). The arrows marked ‘H’ indicate the applied magnetic
field directions. The small white arrows show local magnetization directions inferred by the
comparison of Lorentz images and electron holograms. The three arrows shown at the bottom
indicate the projected cubic axes of a grain located in the center of the image; the symbols ‘ac0$ ’ and
‘ac45$ ’ refer to principal cubic axes that are oriented in-plane and at 45$ to the plane of the specimen,
respectively. The Lorentz images were acquired at an underfocus of 1.3 mm. GB: grain boundary.
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In the remanent magnetic states that were recorded at 143 K after zero field warming,
dense magnetic domain walls disappear and large magnetic domains develop (Figure 10c,
f, i and l). Despite some differences in the positions of specific domain walls, the overall
pattern of magnetization directions in the initial cubic phase and the cubic phase formed
after warming through the Verwey transition correspond roughly to one another. A
similar behavior is observed in each experiment, suggesting that the zero field warming
states are restored approximately to their initial states, preserving the direction of
remanence imparted before cooling. Magnetic fields created at the nucleation sites of cubic
domains propagate to other regions which have not yet transformed and influence the
overall magnetic microstructure in the cubic phase after zero field warming. As before,
small differences between the magnetic structures in the first and second experiments may
be related to differences in the magnetic structures seen below the transition, the position
where the transition to the cubic phase take place first during warming and different
propagation speeds of the transforming cubic domains (see Supplementary Movie 1).
Özdemir et al. [17] reported a value for the saturation remanence of magnetite after
zero field cooling from 300 to 5 K and then zero field warming back to 300 K that was 55%
of the original saturation remanence measured at 300 K for a sample with a 220 nm grain
size, which is close to that in our specimen geometry (the TEM specimen thickness is
!200 nm). In other words, the magnetization ()magnetic structure) that remained after
zero field warming is similar to that measured initially at 300 K (at least the same magnetic
sign), but is not exactly the same. These aspects can be seen qualitatively in the
observations described above. We have also seen a reorganization of magnetic domains
and ferroelastic twins below the transition (Figure 4), which may partly explain the small
continuous increase in saturation remanence below the transition reported by Özdemir
et al. [17]. However, it is difficult to discuss this point without more extensive experimental
measurements.

3.9. Magnetic domain rearrangement at the isotropic point
The relationship between the magnetic transition at the isotropic point and the Verwey
transition has been discussed for a long time [18]. Although many studies have argued that
there are two different low temperature transitions (e.g., [48]), King et al. [49] suggested
that they are a single transition. At the isotropic point, at !130 K, the magnetic easy axis
changes from h100ic to h111ic on warming. Consequently, some rearrangement of
magnetic domains is expected.
Figure 11 shows video frames, which were recorded through the Verwey transition
during zero field warming (Supplementary Movie 1). Figure 11(a) shows a characteristic
magnetic structure, which was recorded just below the Verwey transition. At 120 K,
dramatic changes in magnetic and strain (diffraction) contrast occur, lasting for 10–20 s
during a temperature ramp of 0.07$ C/s. After these dramatic changes, the local magnetic
structure is modified further slightly, perhaps as a result of local strains and/or magnetic
fields (Figure 11b). This modification ends at a temperature of a few degrees above the
Verwey transition temperature (Figure 11c). Above 122 K, there are no noticeable changes
in either magnetic or diffraction contrast (Figure 11d), providing no conclusive evidence
for a change in easy axis direction.
The fact that microscopy observations are generally limited in their field of view may
account for the fact that we have not seen a magnetic rearrangement through the isotropic
point during zero field cooling or warming. The thin specimen shape with an irregular
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Figure 11. Selected frames from a video recording of Lorentz images acquired while warming the
magnetite specimen through the Verwey and isotropic transitions in zero field. (a, b) Dramatic
changes in magnetic and strain contrast start after a few seconds at 120 K and last for 10–20 s. (b, c)
Small modifications to domain walls occur at 122–123 K. The white arrow in (b) shows a magnetic
domain wall that moved in (c) and the black arrow shows a magnetic domain wall that disappeared
in (c). (d) Lorentz image recorded at 137 K, showing no significant difference from (c).

specimen edge may also be responsible, as some magnetic domain walls appear to be
pinned at the specimen edge (Figure 11c). Magnetoelastic anisotropy may also be more
important in this temperature range rather than magnetocrystalline anisotropy [22], and
when the sample passes through the Verwey transition during warming, strain fields
associated with crystal defects may immediately capture magnetic domain walls, which
were released from pinning sites (e.g., ferroelastic twin walls) in the monoclinic phase.
Saturation remanence measurements made during zero field warming show remanent
magnetizations that are almost constant above the Verwey transition [17,22], which is
consistent with our observations.

4. Conclusion
We have studied the crystallographic and magnetic properties of synthetic magnetite above
and below the Verwey transition using TEM. The crystal symmetry of the low temperature
phase was confirmed to be monoclinic Cc. The local crystal orientation and the c-axis
direction of the monoclinic phase can be determined by means of electron diffraction,
albeit with some limitations. The low temperature monoclinic phase has closely spaced
magnetic domains separated by 90$ or 180$ magnetic domain walls, which are defined
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strictly by underlying monoclinic ferroelastic twin domains with an [001]m easy axis
resulting from large magnetocrystalline anisotropy. Below the Verwey transition, strong
interactions are observed between magnetic domain walls and twin domain walls. The
most striking feature is that magnetic domain walls are strongly pinned by Type 1 and
Type 10 twin boundaries and return to their positions reproducibly after the application of
large magnetic fields (up to !2 T), since these twin boundaries cannot easily be displaced
by magnetic fields. Furthermore, magnetic domains in magnetite above or below the
Verwey transition can inherit a part of their magnetization from the prior phase during
zero field cooling or zero field warming through the Verwey transition. Our results can be
useful for interpreting low temperature magnetic properties of magnetite measured using
bulk methods, which are widely used in rock magnetism and paleomagnetism and may
provide new insights for understanding ferromagnetic and ferroelastic interactions as seen
in many multiferroic materials.

Supplementary movie
Supplementary Movie 1. Lorentz image acquired while warming the magnetite specimen
through the Verwey transition in zero field, showing nucleation and growth of the cubic
phase within the monoclinic phase. Magnetic fields generated in regions where
cubic domains nucleate propagate to other regions that have not been transformed to
the cubic phase yet. No noticeable changes are observed above 122 K in either magnetic or
strain contrast, while small modifications to magnetic domains occur after dramatic
changes at the Verwey transition. The field of view is 18 mm.
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