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Micromagnetic simulations have been used to explore the interaction between
ferrimagnetic domain walls (DWs) and ferroelastic twin walls (TWs) below the
Verwey transition in magnetite (Fe3O4). Simulations were performed using a thinfoil geometry in order to replicate the domain patterns observed experimentally
using transmission electron microscopy. The magnetic microstructure is shown to
be highly sensitive to the physical dimensions and crystallographic orientation of
the foil, the spatial distribution and crystallographic classification of the TWs and
the temperature/field history of the sample. A method to calculate the phase shift
of a beam of electrons passing through the micromagnetic simulations is applied.
The resulting phase maps provide a robust interpretation of experimental images
obtained using Fresnel-mode Lorentz microscopy and off-axis electron holography. The interaction between ferrimagnetic and ferroelastic DWs during field
cycling provides an explanation for the low-temperature ‘field-memory effect’ in
magnetite.
Keywords: magnetite; Verwey transition; twins; domain walls; micromagnetics;
electron holography; Lorentz microscopy

1. Introduction
Magnetite (Fe3O4) is one of the most important magnetic minerals in geological and
biological systems. Below !125 K, magnetite undergoes a first-order phase transition,
known as the Verwey transition, from a cubic structure to a closely related monoclinic
structure [1]. 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 energy surface changes dramatically [2]. Furthermore, a ferroelectric
polarisation of 5 mC cm"2 develops, making magnetite one of the few naturally occurring
multiferroic materials [3]. The symmetry change from cubic to monoclinic results in the
formation of ferroelastic twins, with each twin domain corresponding to a different
orientation of the principal magnetocrystalline anisotropy axes [4]. Bulk hysteresis
measurements performed on samples cooled through the Verwey transition in a range of
magnetic fields have revealed a field-memory effect, whereby the low-temperature
*Corresponding author. Email: rjh40@esc.cam.ac.uk
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hysteresis loop displays an inflection at a field value equal to that which was applied
during cooling [5–8]. This observation is evidence of a strong interaction between
ferrimagnetic domain walls (DWs) and ferroelastic twin walls (TWs).
Two recent transmission electron microscopy (TEM) studies have used Fresnel-mode
Lorentz microscopy and off-axis electron holography to reveal the complex magnetic
microstructures that exist below the Verwey transition in magnetite [9,10]. Complexities
arise due to the large magnitude of the magnetocrystalline anisotropy in the lowtemperature monoclinic phase, combined with the abrupt change in easy axis orientation
that occurs on crossing a TW. In this article, we use micromagnetic simulations to explore
the range of magnetic microstructures that arise from this interaction between TWs and
DWs. In many cases, the simulations are designed to mimic the experimental images
obtained in [9,10], with the aim of testing different hypotheses for the underlying pattern of
TWs and DWs. To aid quantitative comparison between the simulations and experimental
images, we introduce a methodology and accompanying software tool to convert the 3-D
array of magnetisation vectors obtained in a micromagnetic simulation to a 2-D map of
the electron phase shift that would be obtained in a TEM. The electron phase shift can
then be used to simulate either a Fresnel-mode Lorentz microscopy image or an off-axis
electron holography induction map. As well as providing a more robust interpretation of
the experimental data, the simulations are also used to gain further insight into the nature
of the interaction between TWs and DWs and the physical origin of the field-memory
effect.

2. Crystallographic background
The crystallographic relationship between the cubic (c) and monoclinic (m) unit cells is
discussed in Part I of Kasama et al. [10] (their Figure 1). On cooling through the Verwey
transition, one of the six h0 0 1ic directions is chosen to become the [0 0 1]m magnetocrystalline easy axis. The [1 0 0]m hard and [0 1 0]m intermediate magnetocrystalline axes are
approximately perpendicular to [0 0 1]m and bisect the other two cubic axes. Three types of
TW were identified by Kasama et al. [9]. Type 1 TWs involve a 90# switch of the [0 0 1]m
easy axis from one h0 0 1ic direction to another. Type 2 TWs involve no switch of either the
easy, intermediate or hard axes. Type 3 TWs involve an interchange of the hard and
intermediate axes only. In this study, we focus primarily on type 1 TWs, which have the
most dramatic impact on the low-temperature magnetic microstructure of magnetite.
A key property of type 1 TWs is that, despite the 90# switch in easy axis orientation, the
spontaneous strain in adjacent domains remains invariant [10,11]. This rather unusual
situation arises because the spontaneous strain has nearly a rhombohedral symmetry – a
120# rotation about h1 1 1ic has the effect of switching the [0 0 1]m easy axes but has no
effect on the orientation of the strain. For this reason, type 1 TWs show little or no
diffraction contrast in conventional bright-field TEM images and, unlike type 2 and 3
TWs, are not elastically confined to a particular crystallographic orientation. Rather, they
are free to bend, rotate and meander, much like conventional magnetic DWs, making it
difficult to distinguish between type 1 TWs and conventional magnetic DWs in Lorentz
microscopy images (these strain-free type 1 walls are referred to as type 10 in Kasama et al.
[9,10]). In principle, it is possible to distinguish the 90# rotation of the magnetisation
vector, M, associated with type 1 TWs from the 180# rotation of M associated with
magnetic DWs using electron holography. However, rather than yielding an image of M,
electron holography yields a map of magnetic induction, B ¼ !0(M þ HD ), where HD is the
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Figure 1. (a) Sketch of alternating lamellar type 1 twins (labelled I and II). Arrows show the
projections of the monoclinic axes onto the horizontal plane. The subscript donates the angle made
by each axis to the horizontal plane. The volume is 500 ( 610 ( 50 nm3. (b) Initial micromagnetic
result from a random starting configuration. The scale bar is 100 nm. (c) Simulated holography and
(d) Lorentz images corresponding to (b) with Df ¼ 50 mm, Cs ¼ 8000 mm and an accelerating voltage
of 300 kV.

self-demagnetising field. The angle of rotation of B across a TW or DW can differ by
several tens of degrees from the angle of rotation of M, with the difference being
accentuated by the presence of sample edges, thickness variations and stray magnetic
fields. This makes it difficult to discriminate between 90# and 180# walls with any
confidence, leading to potential ambiguities in the interpretation of experimental images.
Here, we show how these ambiguities can be resolved through the combined use of
micromagnetic and image simulations.

3. Methodology
3.1. Micromagnetic simulations
Micromagnetic simulations were performed using a modified version of the LLG
Micromagnetics Simulator [12] that incorporates the full monoclinic form of magnetite’s
magnetocrystalline anisotropy energy [2]:
Emon
¼ Ka "2a þ Kb "2b þ Kaa "4a þ Kbb "4b þ Kab "2a "2b " Ku "2111
a

ð1Þ

where Ka, Kb, Kaa, Kbb, Kab and Ku are anisotropy constants and "a, "b and "1 1 1 the
cosines of the angle between M and the [1 0 0]m, [0 1 0]m and [1 1 1]c directions, respectively.
Values for the anisotropy constants and other micromagnetic parameters are listed in
Table 1. A thin-foil geometry was chosen for the simulation, in order to replicate the
geometry of a typical TEM sample. The thickness of the foil was 50 nm and the lateral
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Table 1. Values of the saturation magnetisation
(Ms), anisotropy constants [2] and exchange
stiffness (A) used in micromagnetic simulations.
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Ms
Kb
Kbb
Ka
Kaa
Kab
Ku
A

4.8 ( 105 Am"1
3.7 ( 104 Jm"3
2.4 ( 104 Jm"3
2.55 ( 105 Jm"3
1.8 ( 104 Jm"3
7 ( 104 Jm"3
2.1 ( 104 Jm"3
1.32 ( 10"11 Jm"1

dimensions were between 500 and 2000 nm. The simulation cell was subdivided into an
array of cubic micromagnetic elements with size 10 nm (the exchange length of magnetite).
Simulations were performed as follows:
(1) The crystallographic orientation of the parent cubic phase was chosen to match
that of a chosen experimental image [9,10].
(2) The approximate positions of TWs were measured from the experimental image
and overlain on the simulation cell. Polygonal boundaries were then drawn over
the TWs to define a separate region of the simulation cell for each twin domain.
(3) The crystallographic orientation of the monoclinic phase in each domain was
specified by a set of three direction cosines (with respect to the x, y, and z reference
axes of the simulation cell) for each of the [1 0 0]m, [0 1 0]m and [1 1 1]c directions
(Equation (1)).
(4) Each micromagnetic element was initialised with a randomly oriented M vector.
(5) The equilibrium moment configuration in zero field was obtained by solving the
dynamic Landau–Lifshitz–Gilbert equation [13] in a series of 1 ps time steps until
the total energy of the system converged to a minimum. The total energy
comprised the exchange energy, the magnetocrystalline anisotropy energy, the
magnetostatic self-energy and the external magnetostatic field energy. Energy
contributions due to magnetostriction were assumed to be negligible in this study,
which is justifiable as there is minimal strain associated with type 1 TWs.
(6) Fields were applied and the simulation restarted in order to explore hysteresis
effects.
(7) Snapshots of the moment configuration were exported to ATHLETICS
(Section 3.2) to simulate the results of Lorentz microscopy and electron
holography observations. Unless otherwise stated, the images presented represent
the final configuration of a fully converged micromagnetic simulation.

3.2. Image simulations
The signals observed in both Fresnel-mode Lorentz microscopy and electron holography
can be derived from the phase of an electron wave as it exits the sample. A Fourier method
to calculate the phase of the exit wave is outlined by Beleggia and Zhu [14] for uniformly
magnetised particles. Here, we adapt this approach to treat non-uniform magnetisation
derived from micromagnetic simulations.
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The phase shift of a beam of electrons passing through a sample lying in the x–y plane
is the sum of electrostatic (#e) and magnetic (#m) terms:
Z
Z
$
$
Vðx, y, zÞdz "
Az ðx, y, zÞdz
#ðx, yÞ ¼ #e þ #m ¼
ð2Þ
%E
#0

where % is the electron wavelength, E an energy parameter which depends on the
acceleration voltage, #0 the flux quantum (h/2e ¼ 2.07 ( 103 T nm3), V the mean inner
potential and Az the z component (i.e. parallel to the electron beam) of the magnetic vector
potential:
Z
!0
r " r0 3 0
dr
ð3Þ
AðrÞ ¼
Mðr0 Þ (
4$
jr " r0 j3
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MðrÞ describes the real space variation in magnetic moment, which can be written in
the form:
MðrÞ ¼ M0 mðrÞ

ð4Þ

where M0 is the saturation magnetisation and mðrÞ a unit vector. Equation (3) reduces to a
vector product in reciprocal space [14]:
AðkÞ ¼ "

iB0
mðkÞ ( k
k2

ð5Þ

where B0 ¼ !0M0 is the saturation induction and AðkÞ and mðkÞ the Fourier transforms of
AðrÞ and mðrÞ. Combining Equations (2) and (5), the magnetic contribution to the phase is
given by:
#m ðkÞ ¼

#
"
i$B0 !
ðm kx , ky , 0 ( kÞ#z
2
#0 k?

ð6Þ

where k? ¼ (k2x þ k2y )1/2.
The phase of an electron wave exiting a micromagnetic simulation is evaluated as
follows. The x and y components of mðrÞ for each micromagnetic element of the threedimensional (3-D) simulation are averaged along z and multiplied by the thickness of the
simulation (in nm) to create two 2-D ‘magnetic thickness’ matrices mx(x, y) and my(x, y).
Each matrix is embedded in the centre of an empty 2-D matrix, which has twice the
dimensions in both the x- and y-directions of the original micromagnetic simulation. The
empty space allows the stray fields to be calculated and ensures that the periodicity
imposed by the use of the fast Fourier transform (FFT) does not adversely affect the
result. The FFT of mx and my are calculated and #m ðkÞ is evaluated via Equation (6). The
inverse FFT of #m ðkÞ then yields #m(x, y).
Electron holography yields, after removal of the mean inner potential contribution
[15], a map of #m(x, y) directly. Results are presented as cos[c#m(x, y)], where c is a phase
amplification factor. The resulting contour lines trace out the in-plane magnetic flux (B).
The spacing of the contours is inversely related to the strength of B (the closer the spacing,
the larger is the value of B) and, as is common in experimental studies, the contours are
coloured according to the direction and intensity of B [15–18]. Fresnel-mode Lorentz
contrast images were created by treating the sample as a phase object and applying the
TEM contrast transfer function [19]. First, a complex exit wave is created, assuming
constant amplitude:
Fðx, yÞ ¼ ei#m ðx, yÞ

ð7Þ
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The FFT of the complex exit wave, F(k), is then multiplied by the contrast transfer
function, T(k):
IðkÞ ¼ FðkÞTðkÞ

ð8Þ

TðkÞ ¼ eiBðkÞ

ð9Þ

$
BðkÞ ¼ $Df%k2 þ Cs %3 k4
2

ð10Þ

where
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and

where Df is the defocus, % the wavelength and Cs the spherical aberration coefficient. The
Lorentz image is given by the magnitude square of the inverse Fourier transform of I(k).
Calculations were performed using ATHLETICS, a freely available set of scripts
written in IGOR Pro [20]. Image variables were set to match those of experiments
described in Kasama et al. [9,10] (B0 ¼ 0.6 T, Df ¼ )50 mm, accelerating voltage ¼ 300 kV
and Cs ¼ 8000 mm). Unless otherwise stated, only the magnetic contribution to the phase
was included. The software allows a non-uniform thickness to be defined in the image
simulation step in order to account for the wedged shape of a typical TEM sample
prepared by Ar ion milling. The dependence of the electron phase shift on the thickness of
the sample can lead to apparent changes in the spacing and orientation of flux contours in
electron holography images near the thin edge of the wedge. To account for this effect,
where appropriate, a linear thickness ramp was applied to the sample geometry during
image simulation. In doing so, we assume that the presence of the thickness ramp has no
effect on the orientation of the underlying magnetic moments.

4. Results
4.1. Lamellar type 1 TWs
We begin by exploring an alternating pattern of lamellar twin domains separated by type 1
TWs (Figure 1). The sample is viewed down [1 1 0]c. The projections of the monoclinic a-,
b- and c-axes are indicated by arrows in Figure 1(a), and the angle that each axis makes to
the horizontal plane is indicated by its subscript. Twin domains labelled ‘I’ have an inplane easy axis (c0), whereas twin domains labelled ‘II’ have their easy axis at 45# to the
surface (c45). The pattern of twin domains and their crystallographic orientations were
chosen to match the experimental images in Part I of Kasama et al. [10] (their Figure 7).
Four distinct types of magnetic DW were created after relaxation from a random
starting configuration (Figure 1b). Conventional 180# DWs form inside the c0 domains but
do not extend past the type 1 TWs into the adjacent c45 domains. To the left of the 180#
DWs, there is a chevron pattern of magnetisation caused by an alternating sequence of
!90# DWs. Following Kasama et al. [9], we refer to these as ‘conventional’ 90# DWs.
Although the angle between the easy axes in c0 and c45 domains is 90# , the observed M
rotation angle is considerably larger (!105# ). To the right of the 180# DWs, there is an
alternating sequence of ‘unconventional’ 90# DWs. Unconventional walls are labelled as
either ‘divergent’ or ‘convergent’ according to whether they create a positive or negative
divergence of the magnetisation vector field, respectively. The 180# DWs can be made to
move right or left along the length of the c0 domains by applying a magnetic
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Figure 2. (a) Fully conventional micromagnetic result after applying a suitable field to Figure 1(b).
(b) Simulated holography and (c) Lorentz images corresponding to (a). (d) Fully unconventional
micromagnetic result after applying a suitable field to Figure 1(b). (e) Simulated holography and (f)
Lorentz images corresponding to (d). Scale bar in (a) and (d) is 100 nm. The simulation volume was
550 ( 610 ( 50 nm3. (c) and (f) were created with Df ¼ 50 mm, Cs ¼ 8000 mm and an accelerating
voltage of 300 kV.

field (Figure 2). As the 180# walls translate, conventional 90# DWs are transformed into
unconventional 90# DWs, and vice versa.
Image simulations predict the appearance of these micromagnetic structures in both
electron holography and Lorentz microscopy. Conventional 90# DWs create a chevron
pattern of B in electron holography (Figure 2b) that resembles the chevron pattern of the
underlying M (Figure 2a). Note, however, that the angle between B in adjacent domains
(!150# ) is significantly larger than the corresponding angle between M (!105# ),
illustrating how difficult it can be to distinguish 180# DWs from 90# DWs unambiguously
using electron holography alone. Unconventional 90# DWs create an alternating pattern
of weak and very weak in-plane B fields, and, again, the orientation of B deviates
significantly from the orientation of the underlying M. Conventional 90# DWs display
strong Lorentz contrast (Figure 2c). Unconventional 90# DWs, on the other hand, display
much weaker Lorentz contrast (Figure 2f). The spotty appearance of the walls in
Figure 2(f) is an artefact due to the finite resolution of the simulation.

4.2. In-plane versus out-of-plane DWs
We next examine the micromagnetic structure surrounding the junction of three
intersecting type 1 TWs (Figure 3a). The sample is viewed down [0 0 1]c. Each of the
three possible choices of h0 0 1ic easy axis is represented: two in-plane (c0) and one out-ofplane (c90). The pattern of twin domains and their crystallographic orientations were
chosen to match the experimental images of Kasama et al. [9] (their supplemental movie 4).
The magnetic microstructure presented in Figure 3(b) represents an intermediate state
obtained after relaxation from a random starting configuration. The left-hand side
contains two uniformly magnetised c0 domains separated by a conventional 90# DW
(Figure 3b). The c90 domain on the right-hand side contains a complex magnetic
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Figure 3. (a) Sketch of three intersecting type 1 TWs. (b) Micromagnetic result taken part way
through simulation. In-plane DWs (1) and out-of-plane DWs (2) are labelled. An in-plane needle
domain can be seen in the top right. Scale bar is 200 nm. The volume is 2000 ( 2000 ( 50 nm3.
(c) Simulated holography and (d) Lorentz images corresponding to (b) with Df ¼ 50 mm,
Cs ¼ 8000 mm and an accelerating voltage of 300 kV.

microstructure comprising two new types of DW. The first type, labelled 1 in Figure 3(b),
separates domains with antiparallel in-plane components of magnetisation (i.e. the green
vs. purple regions). The second type, labelled 2 in Figure 3(b), separates domains with
antiparallel out-of-plane components but parallel in-plane components. We refer to these
two types as ‘in-plane’ (1) and ‘out-of-plane’ (2) DWs, respectively. Moments are tilted
away from c90 by an angle of up to 45# towards )b0. The preferred direction of tilt is
dictated by the c0 domains on the left-hand side of the simulation. For example, the
dominant in-plane magnetisation direction in the upper right points down and to the left
(green) in order to be compatible with the in-plane magnetisation direction in the upper
left c0 domain. Where domains of reverse in-plane magnetistion (purple) appear in the
upper right, they pinch out at the c0/c90 boundary to form needle-like structures, thus
avoiding divergent moment configurations at the interface. The out-of-plane domains
form a high-density pattern of meandering DWs that is typical of thin films with large
perpendicular anisotropy. The micromagnetic energy is lowered when in-plane and out-ofplane DWs lie parallel to each other in an alternating sequence. However, mutual
alignment of the in-plane and out-of-plane DWs occurs extremely slowly in the large-scale
micromagnetic simulations, and rarely goes to completion.
Image simulations predict that in-plane and out-of-plane domains can be easily
distinguished using electron holography and Lorentz microscopy (Figure 3c and d). The
high-density pattern of meandering out-of-plane DWs has little impact on electron
holography images, other than to create subtle distortions in the flux contours (Figure 3c).
These distortions are most evident when the out-of-plane DWs are oriented perpendicular
to the in-plane flux. In Lorentz mode (Figure 3d), out-of-plane DWs appear as faint
features with asymmetric contrast (i.e. each DW appears dark on one side and light on
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Figure 4. (a) Sketch showing a candidate twin structure forming at the edge of a sample, including
triangular twin-induced closure domains. (b) Result of micromagnetic simulation obtained from a
random starting configuration. Scale bar is 300 nm. The volume is 3100 ( 920 ( 50 nm3. (c)
Simulated holography image corresponding to (b). The mean inner potential contribution to the
phase shift and a thickness ramp at 40# decreasing towards the top left were included. (d) Simulated
Lorentz image corresponding to (b) with Df ¼ 50 mm, Cs ¼ 8000 mm and an accelerating voltage of
300 kV and the same thickness ramp as (c).

the other). The asymmetry of out-of-plane DWs in the upper right quadrant is reversed
with respect to those in the lower right quadrant. In-plane DWs appear as 180# DWs in
electron holography (Figure 3c) and show strong, symmetric contrast in Lorentz
microscopy (Figure 3d).

4.3. Twin-induced closure domains
One of the most striking features observed in Part I is the formation of closure domains at
the sample edge below the Verwey transition [10] (their Figure 6d). It has been argued that
closure domains are not expected to form in the monoclinic phase due to its large
(!uniaxial) c-axis anisotropy [21]. Here, we investigate the possibility that closure domains
are able to form by nucleating type 1 twins at the sample edge. Several candidate twin
configurations and crystallographic orientations were tested in an attempt to reproduce as
many of the experimentally observed features as possible. The pattern of twin domains and
crystallographic orientations presented in Figure 4(a) was the most successful of our trial
configurations, although we do not rule out the possibility that other twin configurations
or orientations could provide a better description of the experimental images. As in
Figure 2, the simulation contains a mixture of c0 and c45 twin domains separated by type 1
TWs. One of the c45 domains is subdivided by a type 3 TW, which causes a switch round of
its intermediate and hard axes.
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The micromagnetic structure obtained after relaxation from a random starting
configuration is shown in Figure 4(b). Triangular c45 twin domains were placed at the
upper edge of the simulation, creating conventional 90# DWs that mimic closure structures
more typically observed in materials with cubic anisotropy. The lower tip of each triangle
provides a pinning site for a 180# DW that extends into the surrounding c0 twin domain.
These 180# DWs cross a type 1 TW in the lower half of the simulation, which causes a
!90# rotation of the DW orientation as they pass into the c45 domain.
Image simulations were used to explore the effects of sample thickness and mean inner
potential on the experimental electron holography and Lorentz microscopy images
(Figure 4c and d). The sample thickness was assumed to decrease from 50 nm at its lower
edge to 0 nm in the upper left corner. Smoothing was applied to the thickness map in order
to avoid infinite thickness gradients at the left, right and lower edges of the simulation.
A mean inner potential of 17 V was used to calculate the electrostatic contribution to the
electron phase shift via Equation (2). The thickness ramp at the upper edge of the
simulation creates a gradient in the phase shift that reinforces the phase gradient in
the green closure domains (which appear more strongly in the simulated electron
holography images) but counteracts the phase gradient in the red domains (which appear
with a much reduced contour spacing) (Figure 4c). The steep thickness gradients at the left,
right and lower edges of the simulation lead to artificial yellow, blue and red signals,
respectively, that would not be expected to appear in the experimental images. Closure
domains alternate between strong light and strong dark Lorentz contrast (Figure 4d). The
180# DWs display strong Lorentz contrast, whereas the unconventional 90# wall on the
left-hand side is virtually invisible in the simulated Lorentz image.

5. Discussion
Figures 1 and 2 reproduce many of the features observed in the experimental images
presented in Part I, including the appearance of short segments of mobile 180# DWs within
the in-plane domains, the chevron pattern of B to the left of these walls and the
pronounced weakening of the in-plane B to the right of them. The low Lorentz contrast of
unconventional 90# walls was noted in Kasama et al. [9]. Such walls are often barely visible
or completely invisible in experimental images, despite the prediction that some Lorentz
contrast should be observed (Figure 2f). We suggest that the detection of low-contrast
unconventional 90# DWs in Lorentz images is limited by experimental noise. The angle
between M in the c0 and c45 domains (!105# ) is significantly greater than the 90# angle
between the easy axes. The larger rotation angle is caused by the deflection of M towards
the plane of the foil in the c45 domains – a consequence of the strong demagnetising field
that is generated whenever the easy axis points out of the plane of the foil. Deflection
occurs by rotating moments about the [1 0 0]m hard axis, so that M remains within the
(1 0 0)m plane containing the easy and intermediate axes. Such deflections are a common
feature of experimental images obtained from a thin-foil specimen [9], but may not be
representative of bulk behaviour.
The demagnetising effect of the thin foil is most evident when the easy axis is exactly
normal to the thin foil (i.e. c90). Figure 3 reproduces many of the features observed in
experimental images from such regions. A snapshot from a movie acquired during cooling
through the Verwey transition [9] is reproduced in Figure 5(a). The dark Lorentz feature
labelled ‘I’ in Figure 5(a) can be identified as a type 1 TW separating c0 domains with
perpendicular easy axes (easy axis orientations are indicated by the double-headed
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Figure 5. Lorentz contrast image taken from Kasama et al. [9] supplementary movie 4. The easy
axes for the two left-hand regions are indicated by wide double-headed arrows. I and II correspond
to type 1 TWs. III corresponds to the rounded tip of an in-plane needle domain. The white circle is a
hole. The field of view is 3 mm. (b) Simulated Lorentz image for an ideal simulation where the
magnetic microstructure was made up specifically to recreate (a). Note the contrast reversal of the
in-plane needle domains in the upper versus the lower regions of the figure. Df ¼ 50 mm,
Cs ¼ 8000 mm, accelerating voltage ¼ 300 kV.

arrows). This type 1 TW is observed to propagate laterally during cooling below the
Verwey transition, indicating that the sideways mobility of type 1 TWs is high at
temperatures close to the transition. A sharp boundary separates the c0 domains on the left
from the c90 domain on the right. The boundary (‘II’ in Figure 5a) shows weak, light
Lorentz contrast, in agreement with the image simulations (Figure 3d). The DWs on the
right display strong, symmetric Lorentz contrast, which identifies them as in-plane, rather
than out-of-plane, DWs. As predicted, the in-plane DWs pinch out as they approach the
c0/c90 boundary, forming needle-like structures comparable to those predicted in
Figure 3(b) (‘III’ in Figure 5a), albeit with more rounded tips than predicted by the
simulations. Furthermore, the Lorentz contrast of the DW pairs that define each needle in
the upper right is reversed with respect to those in the lower right, consistent with the
change in the direction of dominant in-plane magnetisation predicted in Figure 3(b). This
concept can be more clearly illustrated by a hand-drawn magnetisation model consisting of
uniformly magnetised domains separated by infinitely thin DWs (Figure 5b). The lack of
abundant out-of-plane domains in the experimental images indicates that such features are
either absent or too faint to be resolved above the experimental noise. A series of
micromagnetic simulations performed for c90, c85, c80 and c75 twin domains is presented in
Figure 6. The results demonstrate that out-of-plane DWs form only when the easy axis is
within 10# of the foil normal. On this basis, we suggest that out-of-plane DWs are simply
absent from Figure 5(a) and that the easy axis was closer to c80 than c90.
The role of twinning in the formation of closure domains is of great significance,
especially given the conventional wisdom that closure domains are not expected not form
below the Verwey transition [21]. The triangular pattern of two intersecting type 1 TWs
and a 180# DW has been observed not only at the sample edge, but also within the interior
of grains [9], and represents, therefore, an energetically favourable mechanism for creating
flux closure. Twin-induced flux closure is likely to be of greatest significance in magnetite
grains that are just above the threshold size for uniformly magnetised single-domain (SD)
behaviour. In the cubic phase, such grains would contain a vortex magnetisation state (see
Part I). In the absence of twinning, the high anisotropy of the monoclinic phase would lead
to the destabilisation of the vortex state and a transition back to an SD state below the
Verwey transition. In the presence of twinning, however, a flux-closure structure would
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Figure 6. Simulated Lorentz contrast images for a single twin domain with c-axis oriented at 90# (a),
85# (b), 80# (c) and 75# (d) to the sample surface. A mixture of in-plane and out-of-plane DWs form
in (a) and (b), but only in-plane DWs form in (c) and (d). In all cases, only the in-plane DWs are
visible using electron holography (insets). All images were simulated with Df ¼ 50 mm, Cs ¼ 8000 and
an accelerating voltage of 300 kV. The simulation volumes were 510 ( 510 ( 50 nm3.

be possible. In the next section, we explore this idea further and demonstrate that it
provides a credible explanation for the field-memory effect observed in such grains.

6. The field-memory effect
Smirnov and Tarduno [5–8] have described a field-memory effect in low-temperature
magnetite, whereby a sample cooled through the Verwey transition in a magnetic field, HV,
displays an inflection point in its low-temperature M–H curve at H ¼ Hv. The fieldmemory effect is only observed in grains that are large enough to be above the threshold
size for uniformly magnetised SD behaviour but small enough to be below the threshold
size for true multi-domain behaviour. Grains in this intermediate size range are often
referred to as pseudo-single domain (PSD). PSD grains are likely to be dominated by
vortex states in the cubic phase and complex non-uniform magnetisation states, e.g.
Figure 4, in the monoclinic phase. The field-memory effect disappears for Hv 4 0.1 T. It is
also orientation dependent, only appearing when the low-temperature hysteresis loop is
measured in a field parallel to Hv.
To explore the possible origin of the field-memory effect, we created a simplified model
based on the principle of twin-induced flux closure. We begin by generating a vortex
closure structure in the cubic phase (Figure 7a). A field, Hv, is applied along y, causing the
position of the vortex core to displace horizontally (Figure 7b). To mimic the effect of
cooling through the Verwey transition, the vortex structure is converted into a Kittel-like
flux-closure structure defined by two triangular c0 twin domains linked by a 180# DW
(Figure 7c), as observed in Figure 4. The horizontal offset of the 180# DW is chosen to
match the horizontal offset of the vortex core in the cubic phase. A hysteresis curve is then
simulated by sweeping the field continuously from þ300 to "300 mT at a rate of 5 mT ps"1
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Figure 7. (a) Micromagnetic results showing symmetric vortex formed in the cubic phase in zero
applied field. (b) Displaced vortex in the cubic phase formed by applying a 100 Oe field along the
positive y-direction to (a). (c) A twin-induced closure domain structure in the monoclinic phase,
based on the position of the displaced vortex core in (b). The volume for all three simulations was
1000 ( 750 ( 50 nm3.
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Figure 8. (a) Upper limb of a hysteresis curve for twin-induced closure structures formed in different
applied fields (e.g. Figure 7c). Dashed lines show the derivative of each curve. Note the position of
the maxima shifts with field. Simulations compare well with experimental results from Smirnov [6]
(inset). Vertical dashed line in inset shows applied field value, corresponding to the position of the
small peak. (b) Relative peak position for the smaller of the two peaks seen in the derivatives in (a).
This forms a straight line with a gradient of 2.08.

(Figure 8a). The effect of the twinning is to create an inflection in the magnetisation curve
when the 180# DW reaches the intersection of the type 1 TWs. The first derivative of the
hysteresis curve display two peaks, in agreement with the experimental results of Smirnov
and Tarduno [5]. The position of the smaller peak varies linearly with Hv (Figure 8b),
albeit with a slope of 2 rather than the slope of 1 observed experimentally [5]. The
discrepancy can be explained by the orientation dependence of the field-memory effect,
and the fact that the experiments were performed on powdered samples with randomly
orientated grains. For larger multi-domain grains, the connection between the
micromagnetic structures above and below the transition is lost due to the appearance
of multiple DWs within the interior of micron-sized type 1 twin domains. The loss of the
field-memory effect in high fields can be explained by the annihilation of the vortex in the
cubic phase.
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7. Conclusions
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A number of phenomena relating to the interaction between ferrimagnetic DWs and
ferroelastic TWs below the Verwey transition in magnetite have been investigated using
micromagnetic simulations:
. The presence of type 1 TWs creates both conventional and unconventional
(convergent or divergent) 90# DWs.
. Moments are deflected towards the plane of the foil whenever the easy axis has a
component pointing out of the plane. Moments rotate about the [1 0 0]m hard axis,
so that M remains within the (1 0 0)m plane containing the easy and intermediate
axes.
. The strong demagnetising field of the thin foil generates in-plane and out-of-plane
domains when the easy axis is normal to the foil. Out-of-plane DWs form only
when the easy axis is within 10# of the foil normal.
. Twin-induced closure structures are observed both near sample edges and in
grain interiors. Commonly, these involve the intersection of two type 1 TWs and a
180# DW.
. The field-memory effect in PSD magnetite grains can be explained by the presence
of field-displaced vortex structures in the cubic phase that form a template for
twin-induced closure structures after cooling through the Verwey transition.
We have also demonstrated that Fourier methods for calculating the electron phase
shift associated with non-uniform magnetisation states are successful in reproducing
experimental images obtained by both electron holography and Lorentz microscopy. The
presence of the demagnetising field, sample thickness variations and the mean inner
potential contribution to the electron phase shift can cause changes to the direction and
spacing of flux contours in electron holography images that do not always provide a direct
picture of the underlying pattern of magnetisation. These effects can be accounted for
using image simulations, which should be performed routinely in the interpretation of
experimental results.
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