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1 INTRODUCTION
Just as visualizing the magnetic field lines of a bar magnet played an important role in Michael Faraday’s experiments on magnetic induction, studies of
magnetic fields in materials with high spatial resolution are of importance for
providing a basic understanding of collective spin behavior in nanoscale materials, working spintronic devices, and novel magnetic compounds. However,
magnetic characterization at the deep-submicron scale is highly challenging.
Transmission electron microscopy (TEM) is generally used to obtain measurements of the structural, crystallographic, and compositional properties of
materials. In the last decade, electron microscopy has been revolutionized
by the introduction of aberration correctors, high brightness electron guns,
monochromators, and advanced detectors, as well as by improvements in
computing power for microscope control, image processing, and image simulation. However, it is also has a strong track record of providing real-space
quantitative magnetic information about materials with sub-nm spatial resolution using phase contrast techniques in the TEM.
In this chapter, we describe the basis and selected applications of the technique of off-axis electron holography (EH), which can be used to provide a
direct measurement of the phase shift of the electron wave that has passed
through a specimen in the TEM. The phase shift can then be analyzed to provide
information about local variations in electrostatic potential and magnetic flux
density within and around the specimen. We begin by introducing the theoretical background of the technique and its experimental implementation. Representative results obtained from studies of a wide range of materials, including
soft and hard magnetic alloys, nanoparticles, nanowires, naturally occurring
magnets, and skyrmions are then described. We conclude with a short perspective on future prospects for the development and application of the technique.

2 BASIS OF OFF-AXIS ELECTRON HOLOGRAPHY
2.1 Studies of Magnetic Samples in the Transmission Electron
Microscope
A photograph of a modern aberration-corrected TEM that is capable of both
atomic resolution structural imaging and recording high spatial resolution
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FIG. 1 A modern TEM suitable for the measurement of the structural, chemical, and magnetic
properties of materials. (A) FEI (ThermoFisher) Titan 80-300 field emission gun aberrationcorrected TEM. (B) Simplified schematic ray diagram for off-axis electron holography using a
single biprism.

magnetic information is shown in Fig. 1A. Electrons are emitted from an electron gun, accelerated by typically between 60 and 300 kV and focused onto a
sample using a system of condenser lenses in a high vacuum electron column.
An objective lens is then used to form an image or a diffraction pattern of the
sample, which is magnified using projector lenses onto a detector, such as a
charge-coupled device (CCD) camera.
A key requirement for studying the magnetic properties of materials in
the TEM is usually to place the sample in a magnetic-field-free environment.
The magnetic field of the conventional objective lens in a TEM column is in
the range of 2 T, which fully saturates most magnetic materials in the electron
beam direction during standard TEM examination. A magnetic-field-free condition can be achieved by turning off the conventional microscope objective
lens and using, instead, either a dedicated Lorentz mini-lens or the transfer
lens of an aberration corrector (Fig. 1A). As these lenses are located far from
the sample, the electron optical performance of the microscope is decreased.
An aberration corrector can then be used to reduce the main limiting spherical
aberration coefficient Cs of the Lorentz lens from a value of several meters to
below 1 mm, thereby improving the electron optical spatial resolution to a
value that can be better than 1 nm.
In the presence of an electric field E or a magnetic field B, an incident
electron experiences the Lorentz force

62

Handbook of Magnetic Materials

F ¼ eðE + v  BÞ,

(1)

where e is the magnitude of the electron charge and v is the velocity of the
electron. The force generated by the magnetic part of Eq. (1) is perpendicular
to the electron velocity and to the direction of the magnetic field. To a first
approximation, the presence of an in-plane magnetic field B? in a TEM sample of thickness t results in a small-angle deflection of the incident electron
beam by an angle
#¼

el
B? t,
h

(2)

where l is the (relativistic) wavelength of the electron and h is Planck’s constant. For electrons that have been accelerated by 300 kV and pass through a
specimen of thickness 100 nm that supports an in-plane magnetic induction of
1 T, the deflection angle is 47.6 mrad. By comparison, typical crystallographic
Bragg angles in electron diffraction in the TEM are in the range of a few
mrad, i.e., much larger than Lorentz deflection angles.
When studying magnetic fields in materials using phase contrast techniques in the TEM, the most straightforward approaches for making use of
the deflection of the electrons by the magnetization of the sample involve
recording either defocused images (Fresnel mode) or selecting only those
electrons that have been deflected in a specific direction using either an aperture (Foucault mode) or a segmented detector (differential phase contrast
(DPC) imaging in the scanning TEM). Each of these techniques provides a
signal that is approximately proportional to the first or second differential of
the phase shift of the electron wave that has passed through the sample. In
contrast, off-axis electron holography, which is described in detail below,
records the phase of the electron wave directly.

2.2 Historical Background and Basis of Off-Axis Electron
Holography
Electron holography was originally proposed by the Hungarian-British physicist Dennis Gabor (Gábor Denes), in order to overcome the resolution problem in electron microscopy caused by spherical aberration (Gabor, 1948,
1949). The method is based on the interference of a wave of primary interest
with a (usually plane) reference wave. However, it was only in the 1990s that
the technique became widely applied in electron microscopy, as a result of the
development of highly coherent field emission electron sources. Gabor initially proposed in-line EH, which is based on the reference wave propagating
through the sample in the same direction as the object wave. Although many
different forms of electron holography have been described (Cowley, 1992),
the most successful and commonly used form is now the TEM mode of offuker, 1956; M€
ollenstedt and Wahl, 1968).
axis EH (M€
ollenstedt and D€
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The schematic ray diagram shown in Fig. 1B illustrates the fact that offaxis EH is based on the use of an electrostatic biprism to interfere an electron
wave that passed through a region of interest on the sample (the object wave)
with another part of the same electron wave that usually passed only through
vacuum (the reference wave). An electron holographic interference pattern is
generated by applying a positive voltage to the biprism. The spacing of the
interference fringes and the width of the “overlap region” are controlled by
the biprism voltage and the microscope lens setup. The introduction of additional biprisms to the condenser and projection systems of the microscope
has led to the development of split-illumination modes of electron holography
(Harada et al., 2004a,b), allowing independent control of the overlap width
and interference fringe spacing, as well as the elimination of the influence
of Fresnel fringe effects from the edge of the biprism wire from the recorded
phase image.
Off-axis EH is now used primarily to characterize electrostatic potentials
and magnetic fields in a wide range of material systems. Early studies of
magnetic fields using electron holography were carried out with the objective
lens switched off and with hologram reconstruction carried out optically on
laser benches. Some of the first magnetic phenomena studied involved the
characterization of horseshoe magnets (Matsuda et al., 1982), magnetic
recording media (Osakabe et al., 1983), and flux vortices in superconductors
(Bonevich et al., 1993; Matsuda et al., 1989, 1991). One of the most elegant
of these experiments involved the confirmation of the Aharonov–Bohm
(AB) effect (Aharonov and Bohm, 1959), which was originally predicted
by Ehrenberg and Siday (1921) and states that the phase difference between
two paths of an electron beam is proportional to the enclosed magnetic flux,
even if they do not touch the magnetic field. Initial experiments involved
the use of a single biprism and a thin magnetic iron whisker (Chambers,
1960). A three biprism setup was then used (M€ollenstedt and Bayh, 1962)
to guide electron waves around a microcoil. As an infinitely long solenoid
cannot be fabricated experimentally and a fringing field may be present from
a solenoid of finite length, ultimate confirmation of the AB effect was
achieved by making a 20-nm-thick permalloy toroidal magnet that was covered by a 300-nm-thick layer of superconducting Nb, which prevented electrons from penetrating the magnetic material and confined the magnetic flux
by exploiting the Meissner effect (Tonomura et al., 1982, 1983). Observations
showed that the phase difference between the center of the toroid and the
region outside it was quantized to a value of 0 or p when the temperature
of the Nb was below its superconducting critical temperature of 5 K. The
observed quantization of magnetic flux and the measured phase differences,
with the magnetic field entirely screened by the superconductor, provided
unequivocal experimental confirmation of the AB effect.
In order to understand the formation of an off-axis electron hologram, we
begin by recalling that a conventional in-focus bright-field TEM image
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records variations in the intensity of the electrons that reach a detector and
information contained in the phase of the electron wave is lost. In contrast,
an off-axis electron hologram is an interference pattern formed by the superposition of a complex specimen wave with a tilted (usually plane) reference
wave. Its intensity distribution can be represented in the form
Ihol ðrÞ ¼ jci ðrÞ + exp½2piqc  rj2
¼ 1 + A2i ðrÞ + 2Ai ðrÞcos ½2pqc  r + fi ðrÞ,

(3)

where ci(r) is the electron wavefunction in image plane i with amplitude and
phase Ai and fi, respectively, r is a two-dimensional vector in the plane of the
sample and the tilt of the reference wave is specified by a two-dimensional
reciprocal space vector q ¼ qc. It can be seen from Eq. (3) that there are three
separate contributions to the intensity of an off-axis electron hologram: a
uniform background associated with the reference wave, the image intensity
A2i ðrÞ and an additional set of cosinusoidal fringes, whose local phase shifts
and amplitudes are exactly equivalent to the phase and amplitude of the electron wavefunction in the image plane, respectively.
Amplitude and phase information are conventionally obtained from an offaxis electron hologram by first evaluating its Fourier transform digitally. The
complex Fourier transform of a hologram can be written in the form


FT ½Ihol ðrÞ ¼ dðqÞ + FT A2i ðrÞ
+ dðq + qc ÞFT ½Ai ðrÞexp½ifi ðrÞ

(4)

+ dðq  qc ÞFT ½Ai ðrÞexp½ifi ðrÞ,
which describes a peak at the origin of reciprocal space corresponding to the
Fourier transform of the reference image, a second peak centered on the origin
corresponding to the Fourier transform of a conventional bright-field TEM
image of the specimen, a peak centered at q ¼ qc corresponding to the
Fourier transform of the desired image wavefunction and a peak centered at
q ¼ +qc corresponding to the Fourier transform of the complex conjugate of
the wavefunction.
The procedure that is typically used to reconstruct an off-axis electron
hologram is illustrated in Fig. 2 for a thin film of B20-type FeGe that hosts
a lattice of Bloch-type magnetic skyrmions (see Section 6). Fig. 2A shows
an experimental off-axis electron hologram recorded at 200 K using a biprism
voltage of 120 V. The holographic interference fringe spacing is 2.6 nm.
Reconstruction involves digitally selecting one of the “side bands” in the
hologram using an aperture (Fig. 2B), masking everything outside the aperture
with zeros, centering it in Fourier space, and calculating its inverse Fourier
transform. The phase of the resulting complex image f ¼ arctan ði=rÞ is evaluated from the imaginary i and real r parts of the wavefunction, while the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
amplitude is obtained from the expression A ¼ r2 + i2 . The phase (Fig. 2C)
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FIG. 2 Processing steps used to reconstruct an off-axis electron hologram. (A) Experimental offaxis electron hologram of an FeGe thin film recorded at a temperature of 200 K in the presence of
a 100 mT out-of-plane magnetic field applied using the conventional microscope objective lens.
(B) Central part of the Fourier transform of the hologram, showing a center band, two side bands
and streaks originating from the Fresnel fringes from the edges of the biprism wire. By selecting
one of the side bands, masking the region outside the marked circle with zeros, moving the center
of the side band to the origin of Fourier space and performing an inverse Fourier transform, the
complex specimen wavefunction can be retrieved. (C) Wrapped and (D) unwrapped phase images,
revealing a hexagonal lattice of Bloch-type magnetic skyrmions in FeGe. (E) Magnetic phase
image obtained by taking the difference between phase images recorded at temperatures of 200
and 300 K. The magnetic phase image is proportional to the in-plane component of the magnetic
induction integrated in the electron beam direction. (F) Magnetic induction map formed by generating contours and colors from the magnetic phase image (see text for details).

is initially evaluated modulo 2p and therefore may contain phase discontinuities, which can be “unwrapped” using suitable algorithms (Fig. 2D).
For the present sample, the magnetic contribution to the phase alone
(see below) can be obtained by repeating the measurement at room temperature (when FeGe is paramagnetic) and evaluating the difference between
the phase images recorded at the two temperatures (Fig. 2E). This magnetic
phase image is directly proportional to the in-plane component of the magnetic induction within and around the specimen integrated in the electron
beam direction. A visual representation of the projected in-plane magnetic
field can be obtained by adding contours to this image, for example, by
evaluating the cosine of a chosen multiple of the magnetic phase image.
The horizontal and vertical derivatives of this image can also be used to
generate colors (Fig. 2F), with the direction and magnitude of the projected
in-plane magnetic induction represented by the hue and intensity of the colors, respectively.
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In a quantum mechanical description, the incident electron wave experiences a phase shift upon traveling through an electromagnetic potential that
can be expressed (in one dimension) in the form
Z
Z
2pe
(5)
Az ðx, zÞdz,
fðxÞ ¼ fE + fM ¼ CE Vðx,zÞdz 
h
where the incident electron beam direction z is perpendicular to x, CE is an
interaction constant that takes a value of 6.53  106 radV1 m1 at an accelerating voltage of 300 kV, V is the electrostatic potential, and Az is the component of the magnetic vector potential along z. The magnetic vector potential
A is related to the magnetic flux density by the relation B ¼ r  A. In the
absence of long-range charge redistribution and electrostatic fringing fields
around the specimen, V comprises primarily the mean inner potential (MIP)
of the material V0, which depends on its composition, density, and ionicity.
If the MIP is constant in the electron beam direction in a specimen of thickness t, then the electrostatic contribution to the phase can be simplified to
fE ¼ CEV0t.
The magnetic contribution to the phase can be written in the form
I
2pe
Adl,
(6)
fM ¼ 
h
where the integral in Eq. (6) is performed around a rectangular loop that is
formed by two parallel electron trajectories crossing the sample and joined,
at infinity, by segments perpendicular to their trajectories. Stokes’ law can
then be used to show that
p
(7)
fM ¼  FM ðSÞ,
f0
where S is the area of the loop that encloses magnetic flux FM and F0 ¼ h/2e
¼ 2.07  1015 T m2 is the magnetic flux quantum.
Several approaches can be used to separate the magnetic and MIP (Spence,
1993) contributions to the phase, in order to obtain quantitative magnetic
information about a sample. The first approach involves turning the sample
over and recording a second hologram of the region of interest. The sign of
the magnetic contribution to the phase is then reversed and half of the sum
of the two phase images can be used to obtain the magnetic contribution alone
(Tonomura et al., 1986; Wohlleben, 1971). An advantage of turning the sample over inside the microscope is that it is not exposed to any external magnetic fields, such as those associated with the return flux of the microscope
lenses. The second approach involves recording two holograms from the same
area of the sample at two different microscope accelerating voltages. Only the
magnetic signal is independent of accelerating voltage. However, this method
is rarely used, in part because it requires realignment of the microscope after
changing the accelerating voltage. The third approach involves reversing the
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magnetization direction in the sample in situ in the electron microscope, and
subsequently selecting pairs of holograms that differ only in the opposite
directions of the magnetization in the specimen. The magnetic contribution
to the phase can then be obtained by taking half of the difference between
the two phase images (Dunin-Borkowski et al., 1998b). In situ magnetization
reversal, which is required both for this purpose and for performing magnetization reversal experiments in the TEM, can be achieved by exciting the
conventional microscope objective lens and tilting the specimen to apply
a precalibrated magnetic field. Subsequently, electron holograms can be
recorded with the objective lens switched off and the specimen located in
a magnetic-field-free environment. In practice, if the two remanent magnetic
states are not exactly equal and opposite to each other, then it may be necessary to repeat the switching process several times so that nonsystematic differences between switched pairs of phase images average out. The fourth
approach involves recording holograms below and above the Curie or a critical temperature of the sample (Fig. 2), as recently demonstrated for magnetic skyrmions in B20-type FeGe (Jin et al., 2017; Kovács et al., 2016a;
Zheng et al., 2017a).
From an experimental perspective, off-axis EH requires the use of a highly
coherent electron beam from a field emission gun electron source. The electron beam that is incident on the sample is often deliberately adjusted to be
highly elliptical, with an aspect ratio that can exceed 100:1, in order to maximize its coherence, while maintaining a sufficiently short acquisition time.
A stable electron microscope and sample environment and a balance between
coherence, intensity and acquisition time are needed to maximize the contrast
of the interference fringes and, therefore, to minimize noise in the final
retrieved phase image. The electrostatic biprism that is used to record an electron hologram is typically a sub-mm-diameter metal or metal-coated quartz
wire. Recent advances in semiconductor processing technologies have opened
new possibilities to fabricate fine electron biprisms with rectangular shapes
and counter-electrodes (Duchamp et al., 2018). The biprism is typically
mounted in place of a conventional selected area aperture and positioned close
to a conjugate image plane in the microscope, requiring careful readjustment
of the electron optics.
In general, the use of a higher biprism voltage results in a larger overlap
width (Fig. 3), a finer interference fringe spacing and a decrease in interference fringe contrast. Although off-axis electron holograms were initially
recorded on negatives and analyzed on laser benches, they are nowadays
invariably recorded digitally on either CCD cameras or direct electron detectors (Chang et al., 2016), resulting in improved dynamic range, sensitivity,
and speed.
For each experiment, there is typically an optimum set of parameters that
provides the best phase resolution. The phase resolution (Lichte, 2008) is
given by the expression
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FIG. 3 (A) Off-axis electron holograms recorded as a function of biprism voltage UB. An
increase in biprism voltage results in an increase in overlap width and a decrease in interference
fringe spacing. The intensity modulations at the peripheral regions are associated with Fresnel
diffraction at the edges of the biprism. (B) and (C) Experimentally measured dependence of
(B) interference fringe contrast and overlap width and (C) interference fringe spacing plotted as
a function of applied voltage.

rﬃﬃﬃﬃﬃﬃ
2
,
Nel

(8)



Imax  Imin
,
Imax + Imin

(9)

SNR
fmin ¼
m
where the fringe visibility
m¼

SNR is the signal-to-noise ratio in the hologram, Nel is the number of electrons
collected per pixel and Imax and Imin are the maximum and minimum intensities of the interference fringes, respectively. A phase resolution of 2p/50 can
be achieved routinely using a modern aberration-corrected TEM equipped
with a sensitive detector.
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The averaging of many phase images improves the phase resolution by the
square root of the number of phase images (McLeod et al., 2014; Voelkl and
Tang, 2010). A phase resolution of 2p/1000 or better can be achieved in this
way. Recent experiments on a magnetic CoFeB heterostructure sample using
a dedicated high-voltage aberration-corrected TEM and two electron biprisms
demonstrated a magnetic field measurement with 0.67 nm spatial resolution
and 0.0021 rad (2p/2990) phase resolution (Tanigaki et al., 2017).

2.3 Quantitative Measurements of Magnetic Properties
Magnetic phase images recorded using off-axis EH can be used to obtain information about parameters such as the magnetization or coercivity of a region of
interest, as well as about magnetic interactions and transitions between singleand multidomain magnetic states. We describe below model-independent and
model-based methods for determine the magnetization from a recorded magnetic phase image quantitatively.
The magnetic moment of a magnetic nanostructure such as a nanoparticle
is defined by the expression
Z Z Z
(10)
m¼
M ðrÞd 3 r,
where M(r) is the position-dependent magnetization of the structure and r is a
three-dimensional position vector. The conceptual and mathematical difficulty
of measuring m stems from the fact that a phase image does not provide information about the magnetization directly but is instead proportional to the
projection of the in-plane components of the three-dimensional magnetic
induction B(r) within and around the specimen. Fortunately, the magnetic
moment of an isolated object, such as a nanocrystal, can be measured quantitatively by integrating the gradient of the phase around the crystal using a
circular integration contour (Beleggia et al., 2010). The resulting measurement is model-independent, does not rely on assumptions such as uniformity
of the magnetization of the particle or a priori knowledge such as the particle’s morphology and/or composition. It is also free of most artefacts if the
calculation is performed as a function of the radius of the circular integration
contour and extrapolated to a circle of zero radius. Furthermore, since the
integration loop encloses the object and never crosses its boundaries, the procedure can be applied to a reconstructed phase image without the need for
separating the MIP and magnetic contributions to the phase.
Fig. 4 illustrates the experimental application of the method for the measurement of the magnetic moment of a chain of three ferrimagnetic Fe3O4
nanocrystals. The magnetic contribution to the phase was obtained by calculating half of the difference between phase images recorded with the chain
of particles magnetized in opposite directions, followed by removing a residual linear phase ramp. The minimum radius of the integration circle that lies
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FIG. 4 Measurement of the magnetic moment from an electron optical phase image. (A) Magnetic
phase image of three Fe3O4 nanoparticles. Integration radii between 100 and 240 nm were used
to obtain values for the magnetic moment. These values were extrapolated quadratically to zero
integration radius. (B) Graph showing the parabolic fit of the two orthogonal components of the
moment. Reproduced from Beleggia, M., Kasama, T., Dunin-Borkowski, R.E., 2010. Quantitative
measurements of magnetic moments from phase images of nanoparticles and nanostructures—I.
Fundamentals. Ultramicroscopy 110, 425–432.

outside the physical boundary of the three crystals, about 100 nm, yields a
magnetic moment of 2.29  106 mB oriented at 136 degrees. The maximum
radius that is compatible with the available field of view and centered on
the same position, 240 nm, yields a magnetic moment of 1.02  106 mB oriented at 126 degrees. By varying the radius in 1 nm increments between these
values, a set of measurements for the two components of the magnetic moment
can be extrapolated quadratically to zero circle radius, as shown in Fig. 4B. In
order to compare the results with predictions, the radii of the three particles
were estimated to be approximately 20  2 nm; dividing the magnetic moment
by the total estimated volume of the particles, an average magnetization of 5.1
 0.9  105 A m1 was obtained, which corresponds to a saturation magnetic
induction of 0.64  0.12 T. The expected saturation magnetic induction of
magnetite, as reported in the literature, is approximately 0.6 T.
The ratio between the average magnetization obtained from the measurement of the magnetic moment and the saturation magnetization of the material
may be interpreted as an indication of the degree of uniformity of the magnetization state of the particle: a ratio of one can be obtained only when all of
the moments are aligned, while a small ratio that approaches zero is a fingerprint of a closure domain. Here, the ratio is 1.1  0.2, suggesting that the elementary magnetic moments in the chain are closely aligned.
All phase contrast techniques in the TEM are sensitive to the projected
in-plane components of the magnetic induction B ¼ m0(H + M) ¼ r  A
inside and outside the specimen, where M is the magnetization, H is the
auxiliary (or demagnetizing) field, and m0 is the permeability in vacuum.
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Normally, only the measurement and mapping of the projected in-plane
components of B-field are possible and M is not accessible from an electron
holography experiment. Recently, however, a model-based iterative reconstruction (MBIR) method was developed, in order to allow the in-plane
magnetization Mxy, projected in the z direction, to be determined from a
magnetic phase image fM recorded using off-axis EH by making use of a
discretized numerical implementation of a forward model based on trial
solutions for the magnetization (Caron, 2017). The magnetic properties of
a specimen are encoded in a phase image in the form
Z
ðy  y0 Þ  Mpr,x  ðx  x0 Þ  Mpr,y 0 0
m0
dx dy ,
’mag ðx,yÞ ¼ 
(11)
2F0
ðx  x0 Þ2 + ðy  y0 Þ2
where Mpr,x and Mpr,y are the components of the projected in-plane magnetization Mpr (Dunin-Borkowski et al., 2004; Mansuripur, 1991). This equation
describes the forward problem of calculating a magnetic phase image from
a given in-plane magnetization distribution and can be expressed in matrix
formulation as
y ¼ F  x,

(12)

where y is a measurement vector containing a vectorized form of the magnetic
phase image, x is a magnetic state vector containing the retrieval target (i.e.,
Mpr in vectorized form), and F is a system matrix (not to be confused the
symbol with the force), which applies the convolutions described in Eq. (11).
The inverse problem of retrieving the in-plane magnetization distribution
from a measured magnetic phase image is ill-posed, i.e., a solution for the
projected in-plane magnetization Mpr may not exist, or, if it does, it may
not be unique. The ill-posed nature of the problem makes direct inversion
of Eq. (12) impossible, as F is a rank-deficient matrix.
The inverse problem can be solved by applying a MBIR algorithm. In a
first step, the ill-posed problem is approximated by a least squares minimization, which guarantees the existence of a solution. In order to enforce the
uniqueness of the solution, Tikhonov regularization of first order is employed
to apply a smoothness constraint to the reconstructed magnetization distribution. This approach is motivated by minimization of the exchange energy
of the system (Krishnan, 2016). The number of retrieval targets is reduced
by using a priori knowledge about the size and position of the magnetized
regions in the field of view, in the form of a two-dimensional mask. The
MBIR algorithm also allows fitting of an arbitrary phase ramp and offset,
which may be present in the magnetic phase image as a result of specimen
charging, changes to the biprism wire over time or magnetization sources outside the field of view. All of these measures can be expressed as a cost function, whose minimization replaces the original ill-posed problem according to
the expression
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CðxÞ ¼ kFx  yk2SE  lkxk2Sa :

(13)

The first Euclidean norm describes compliance of each simulated phase image
with the measurements and is weighted by a covariance matrix SE, which
can, e.g., be used to exclude parts of the phase image from the reconstruction
process. The second Euclidean norm operates solely on the magnetic state vector and is weighted by a matrix Sa, which facilitates Tikhonov regularization.
Both terms are balanced against each other by a regularization parameter l.
Minimization of the cost function is achieved iteratively by using a conjugate
gradient algorithm. Implementation of the forward model can be optimized
by employing fast convolutions in Fourier space with precalculated convolution kernels based on known analytical solutions for the phase contributions
of simple geometrical objects in real space. Examples of the quantitative
measurement of magnetization using this approach are given in Sections
4.2 and 6.9.
In general, there is a strong need to compare electron holographic measurements with micromagnetic simulations, as a result of the sensitivity of
magnetic domain structure in nanoscale materials to their detailed morphology, composition, interactions with adjacent objects, and magnetic history.
Differences in starting magnetic states on scales that are too small to be distinguished visually, as well as interelement coupling and the presence of
out-of-plane magnetic fields, are important for the formation of subsequent
magnetic domain states, in particular for the sense (i.e., handedness) with
which magnetic vortices unroll (Dunin-Borkowski et al., 1999). The sensitivity of magnetic domain structure to such effects emphasizes the need to
correlate high quality experimental electron holographic measurements with
micromagnetic simulations (Kovács et al., 2017). Such comparisons, which
have been illustrated for samples that include twinned crystals of magnetite
(Bryson et al., 2013; Kasama et al., 2013), meteoritic metal intergrowths
(Bryson et al., 2015), nanoscale cubes of Fe (Snoeck et al., 2008), magnetic
domain walls in Ni nanocylinders (Biziere et al., 2013), and hard disk drive
write poles (Einsle et al., 2015), are facilitated by the availability of software that can convert the results of micromagnetic calculations directly into
simulated magnetic phase images (Bryson et al., 2013; Caron, 2017; Walton
et al., 2013).

3 OFF-AXIS ELECTRON HOLOGRAPHY OF
NANOCRYSTALLINE SOFT MAGNETIC ALLOYS AND HARD
MAGNETS
A ferromagnetic crystal can be completely demagnetized in the absence of a
magnetic field, but can have a saturation value on the order of 1000 A m1
in a field of only 0.1 A m1, as a result of its subdivision into magnetic
domains, which are each saturated in directions that are determined by the local
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magnetocrystalline anisotropy, stress, and exchange interactions. Changes in
local magnetization direction take place by the movement of boundaries
between magnetic domains or by rotation of the direction of magnetization.
Magnetic domain theory inspired influential scientists such as Bloch, Neel,
and Heisenberg to analyze transitions between magnetic domains theoretically.
The first experimental evidence of magnetic domain structure was provided by
von Hámos and Thiessen (1931) and independently by Bitter (1931), who used
fine magnetic particles spread over the surfaces of ferromagnetic materials.
These experiments demonstrated that the magnetic domains were static and
took the form of periodic and regular patterns. The first realistic model of magnetic domains was proposed by Landau and Lifshitz (1935), who found that
magnetic domains form in order to minimize the total energy, an important part
of which is the stray field energy, which can be avoided by the formation of
flux-closure-type domains. The Landau–Lifshitz model describes the basic
principles successfully, but proved to be too simple to explain some domain
patterns, which were revealed by improved experimental observations. Many
experimental and theoretical works followed. Powder was replaced by fine colloidal particles and applied to high quality, well-oriented crystals, confirming
the applicability of domain theory to explain observed magnetic microstructure
(Williams et al., 1949). A detailed overview of the theory and experimental
observations of magnetic domains can be found in the book of Hubert and
Sch€afer (2009).
Magnetic domain observation in the TEM was stimulated in part by interest in magnetic thin films, in which the structure of magnetic domain walls
can change from Bloch-type to Neel-type when the film thickness becomes
comparable to the thickness of a domain wall and the magnetization is typically in the plane of the film. In principle, Neel-type magnetic domain walls
are only stable in films that are thinner than the domain wall width. In a
Bloch-type magnetic domain wall, the magnetization rotates in the plane
of the wall, while in a Neel-type wall it rotates primarily within the plane of
the magnetized thin film. To a first approximation, a Neel-type wall creates
no significant stray magnetic field. Components of the magnetization that lie
out of the plane of a thin film can be made visible by tilting the film so that
the electron beam no longer passes through it at normal incidence (Benitez
et al., 2015).
Such measurements can be used to measure the magnetic domain wall
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
width dw  A=K1 and to infer the domain wall energy gw  AK1 , where
A is the exchange stiffness expressed in J m1 and K1 is the anisotropy constant expressed in J m3. The magnetic domain wall width dw is typically
on the order of 10–100 nm. However, in hard magnetic materials with large
anisotropy constants it can be below 5 nm. Quantitative measurements of
magnetic parameters using off-axis EH have been made in studies of colossal
magnetoresistive La0.25Pr0.375Ca0.375MnO3 (Murakami et al., 2010) and grain
boundary regions in NdFeB hard magnets (Murakami et al., 2014).
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3.1 Magnetic Domains in Fe-Based Ferromagnetic Alloys
Fig. 5 illustrates an analysis of magnetic domain walls in an Fe-based magnetic alloy performed using both the Fresnel mode of Lorentz TEM and offaxis EH. Such Fe-Si-B-M alloys (where M are additives) (Yoshizawa et al.,
1998) represent an exemplary case of the use of modern materials engineering
to tailor soft magnetic properties. Such alloys exhibit a combination of low

FIG. 5 Lorentz TEM and off-axis electron holography of magnetic domain walls in a ferromagnetic alloy. (A) Fresnel defocus image of magnetic domain walls in a focused ion beam milled
thin section of an Fe-Si-Nb-Cu-B alloy. The marked rectangular region was analyzed using EH,
as shown in the form of a magnetic induction map in (B). The directions of the magnetic phase
contours were used to determine the local magnetization direction. (C) and (D) Fresnel defocus
image and corresponding electron holographic magnetic induction of a characteristic crosstie domain wall structure in a focused ion beam milled thin section of an Fe-Co-B-P-Si-Cu alloy.
Panels (A) and (B): Adapted from Kovács, A., Pradeep, K.G., Herzer, G., Raabe, D.,
Dunin-Borkowski, R.E., 2016b. Magnetic microstructure in a stress-annealed Fe73.5Si15.5B7Nb3Cu1
soft magnetic alloy observed using off-axis electron holography and Lorentz microscopy. AIP Adv.
6, 056501.
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magnetic loss, high permeability, low coercivity, and near-zero magnetostriction, with a saturation magnetization of up to 1.5 T (Herzer, 1997). They are
used in switched mode power supplies, distribution transformers, and flux
gate magnetometers. They are typically produced by rapid solidification from
the melt and a crystallization heat treatment, which provides opportunities to
tailor the hysteresis loop by using magnetic field annealing or tensile stress
annealing both of which yield uniform uniaxial anisotropy (Herzer, 2013).
The coercivity Hc scales with grain size D as D6, which is very different from
the usual 1/D (Herzer, 1990) dependence. Both TEM and complementary
characterization techniques such as atom probe tomography (Morsdorf et al.,
2016; Pradeep et al., 2014) play an important role in understanding nucleation
and growth in such alloys. The sample shown in Fig. 5A and B is an
Fe73.5Si15.5B7Nb3Cu1 alloy, which was rapidly annealed at 695°C for 10 s. It
contains 10 nm DO3-structured Fe3Si and 6 nm Cu grains embedded in a
Nb- and B-rich matrix (Kovács et al., 2016b). Off-axis EH analysis of the
domain pattern reveals the direction of magnetization next to each magnetic
domain wall, as shown in Fig. 5B in the form of a magnetic induction map, which
is displayed using a combination of phase contours, colors, and arrows. On the
assumption that the measurements are not affected substantially by demagnetizing fields, the angles between the directions of magnetization in adjacent magnetic domains are measured to be 118 and 64 degrees for the domains marked
in Fig. 5A and shown in Fig. 5B. The phase contour spacing l is related to the
magnetic flux density B via the relation B ¼ h/(elt), where h is Planck’s constant,
e is the elementary charge, and t is the specimen thickness.
Magnetic anisotropy has an important influence on the formation of magnetic domain structure and on the local magnetization direction. For example, in a Ni sample in which the magnetic easy axes are h111i, magnetic
domain walls may form with magnetization angles of 71, 109, and 180
degrees, with wall energies of cgw with c ¼ 0.5, 1.5, and 2.2, respectively.
A reduction in the energy of a magnetic domain structure often results in a
complicated structure that contains cross-tie walls, at which 180 degrees
Neel-type walls are replaced by a number of 90 degrees walls. An example
of such a situation is shown in Fig. 5C and D, in which a cross-tie magnetic
domain wall is visible in a Fresnel defocus image of a thin sample of an
Fe-Co-B-Si-Cu soft magnetic alloy. The two bright spots in the Fresnel defocus image are Bloch points, around which the magnetization rotates
smoothly, as shown in the magnetic induction map in Fig. 5D. At the crossing point of the two domain walls in the center of each image, the direction
of the projected in-plane magnetic field changes abruptly, forming close-toperfect 90 degrees magnetic domain walls.
Magnetic anisotropy can be induced in soft polycrystalline magnetic alloys
by the application of external forces during annealing. The application of an
external magnetic field or a tensile stress can both result in uniform uniaxial
anisotropy (Herzer, 2013; Pradeep et al., 2014). Such induced anisotropy

76

Handbook of Magnetic Materials

can be a powerful tool for tailoring the shape of a hysteresis loop for applications. The effect of stress annealing on the magnetic microstructure of Fe-SiB-Nb-Cu ribbons has previously been studied using magneto-optical Kerr
microscopy, revealing a regular magnetic domain structure (Herzer et al.,
2011). Fig. 6 shows results obtained in a Lorentz TEM and off-axis EH study

FIG. 6 Lorentz TEM and off-axis electron holography of magnetic domain structure in a stressannealed Fe-Si-B-Nb-Cu alloy. (A) Fresnel defocus image showing a regular magnetic domain
pattern in a focused ion beam milled thin section. (B) Total phase image of a flux closure region
containing 90 and 180 degrees magnetic domain walls measured using off-axis electron holography. The phase contour lines in (C) show well-defined changes in magnetization direction at
magnetic domain walls. (D) Phase profile across the 180 degrees magnetic domain wall shown
in (B). The extent of the deviation from a triangular phase profile can be used to estimate the
magnetic domain wall width dw. Panel (A): Adapted from Kovács, A., Pradeep, K.G.,
Herzer, G., Raabe, D., Dunin-Borkowski, R.E., 2016b. Magnetic microstructure in a stressannealed Fe73.5Si15.5B7Nb3Cu1 soft magnetic alloy observed using off-axis electron holography
and Lorentz microscopy. AIP Adv. 6, 056501.
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of magnetic domain walls in a stress-annealed Fe-Si-Nb-Cu-B alloy (Kovács
et al., 2016b). The sample had been rapidly annealed at 690°C for 4 s in the
presence of a 50 MPa tensile stress. Focused ion beam preparation of the
TEM specimen was performed in such a way that the induced anisotropy
axis was perpendicular to the electron beam direction. The defocused Fresnel
image shown in Fig. 6A reveals a regular magnetic domain pattern, which
forms a flux closure state with well-defined 180 and 90 degrees magnetic
domain walls. Fig. 6B and C shows a phase image and a corresponding
phase contour plot of part of the flux closure structure.
The magnetic properties of nanocrystalline Fe-Si-Nb-Cu-B alloys can be
described using a random anisotropy model (Alben et al., 1978; Herzer,
1989), which assumes the presence of a distribution of magnetic anisotropy
axes in the randomly oriented Fe3Si grains, with an interplay between
exchange and induced anisotropy energies. This model is characterized by a
ferromagnetic correlation exchange length Lex, which is proportional to A/Keff,
where A is the exchange stiffness and Keff is an effective anisotropy constant.
Lex corresponds to a scale, below which the direction of magnetization cannot
vary and places a lower limit on the magnitude of the magnetic domain wall
width dw. The magnetic domain wall width can be determined from either defocus series of Fresnel images or a phase image recorded using off-axis EH.
Fig. 6D shows a phase profile measured across a 180 degrees magnetic domain
wall. By fitting linear functions to the side of the triangular phase profile, an
estimate of the magnetic domain wall width dw can be obtained by measuring
the distance over which the phase deviates from a triangular profile. By comparing such measurements of magnetic domain wall width in annealed and
stress-annealed Fe-Si-Nb-Cu-B alloys, it was confirmed that stress-induced
anisotropy suppresses dw by approximately 20% (Kovács et al., 2016b).

3.2 Magnetic Domain Structure in Hard Magnetic Materials
Another example of materials engineering involves the design of permanent
magnets, which contain rare earth elements (atomic numbers 59 to 70, from
Pr to Yb). Such materials can have very strong magnetic anisotropy, but low
Curie temperatures. A compound material of rare earth elements with the transition metals Fe, Co, or Ni is characterized by a Curie temperature above room
temperature, high and positive uniaxial anisotropy and a high saturation magnetization. These properties result in a high-energy product ( 400 kJ m3),
thereby contributing significantly to power and green technologies. The best
known hard magnets are SmCo5, Sm2Co17, and Nd2Fe14B, which have anisotropy constants K1 of 4–17 MJ m3 (Skomski and Coey, 2016), resulting in the
formation of magnetic domain walls with widths dw that can be below 5 nm.
Such narrow magnetic domain wall widths result in a significant challenge
for characterization. The compounds are often stabilized and improved by
small amounts of additives such as Ce, Zr, Tb, and B.
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Other off-axis EH studies have been used to measure magnetic microstructure in hard magnetic materials (e.g., McCartney and Zhu, 1998). Fig. 7 shows
a TEM analysis of a Tb-doped NdFeB alloy (Soderžnik et al., 2016). The
magnetic microstructure consists of a dense array of magnetic domains,
which have typical widths of 200 nm and are separated by relatively
straight domain walls. Changes in the intensity of Fresnel defocus images
at the positions of divergent magnetic domain walls are shown in Fig. 7B,
with corresponding values of full width at half minimum plotted as a function of defocus in Fig. 7D. The magnetic domain wall width dw can be estimated by extrapolating these measurements to zero defocus in the form of a
linear fit. Although such measurements can result in an overestimate in the

FIG. 7 Lorentz TEM and off-axis electron holography of magnetic domain walls in a Tb-doped
Nd-Fe-B hard magnetic alloy. (A) Fresnel defocus image of magnetic domains. (B) Fresnel defocus series of an individual divergent magnetic domain wall. The defocus values are inset.
(C) Differential of a phase image recorded using off-axis electron holography, showing the positions of magnetic domain walls. (D) Estimate of magnetic domain wall width dw from the full
width at half minimum of the recorded intensity measured from two series of Fresnel defocus
images. (E) Profile of the differential of the phase measured across an individual magnetic domain
wall shown in (C). An upper limit for the magnetic domain wall width dw is measured to be 4.4 
1.3 nm. (F) Magnetic induction map of magnetic domains measured using off-axis electron holography. The phase contour spacing is 1.56 rad. (Unpublished results.)

Magnetic Imaging of Nanostructures Chapter

2

79

measurement of the magnetic domain wall width, upper limits for the width
dw of two adjacent magnetic domain walls are inferred to be 5.4 and 4.6 nm.
A more precise measurement of dw can be made from the differential of a
phase image recorded using off-axis EH, as shown in Fig. 7C. Fig. 7E shows
a line profile across a 180 degrees magnetic domain wall measured along the
length of the arrow shown in Fig. 7C. An upper limit for the magnetic
domain wall width dw is inferred to be 4.4  1.3 nm, which is close to the
expected value of 3.9 nm for a Nd2Fe14B compound with an exchange stiffness of 8 pJ m1 and an anisotropy constant of 4.9 MJ m3. A magnetic
induction map of the magnetic domains is shown in the form of contours
and colors generated from an electron holographic phase image in Fig. 7F.

4 OFF-AXIS ELECTRON HOLOGRAPHY OF MAGNETIC
NANOSTRUCTURES
Nanoscale magnets that have dimensions of between a few nm and a few
hundreds of nm and different morphologies, configurations, arrangements,
and compositions can exhibit size-specific properties such as exchange bias,
giant magnetoresistance, and superparamagnetism and can be used to provide
a virtually unlimited source of new and complex magnetic states. Off-axis
EH studies of magnetic fields within and around nanostructures can be used
to reveal and understand their local static and dynamic magnetic field
distributions.

4.1 Magnetic Interactions in Nanoparticle Assemblies
The magnetostatic alignment of magnetic moments in nanoparticle assemblies,
which can be described using the term dipolar magnetism (Luttinger and Tisza,
1946), is important in arrangements of nanoparticles that include chains
(Sugawara and Scheinfein, 1997), ordered two-dimensional arrays (Puntes
et al., 2004; Russier, 2001; Yamamoto et al., 2011), and three-dimensional lattices (Chen et al., 2010).
An example of the characterization of magnetostatic interactions between
nanoparticles that each contain a single magnetic domain using off-axis electron holography is provided by the examination of rings of 20-nm-diameter
Co nanocrystals, as shown in Fig. 8. Such rings are appealing candidates for
use as memory cells and switches in nonvolatile random access memory
devices. Annular nanomagnets are of particular interest as they can support
bistable magnetic states that exhibit flux closure. These vortex-like domains
can be polarized either clockwise or counterclockwise, with minimum stray
magnetic flux inside and outside each ring. The polarization of the FC states
can be switched by using a magnetic field gradient, such as that produced by
an electrical current passing through the ring’s center. Magnetic nanoparticle
rings are also of interest for the development of electron holography because
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FIG. 8 Off-axis electron holography of magnetic flux closure states in closely-spaced nanocrystals. The figure shows a bright-field TEM image of a self-assembled ring of Co nanoparticles
(center) and corresponding magnetic induction maps recorded using off-axis electron holography,
showing counterclockwise (left) and clockwise (right) magnetization states. The scale bar is
50 nm. Reproduced from Wei, A., Kasama, T., Dunin-Borkowski, R.E., 2011. Self-assembly and
flux closure studies of magnetic nanoparticle rings. J. Mater. Chem. 21, 16686–16693.

their magnetization directions cannot always be reversed by applying an
in-plane field to the sample. As a result, in the present example phase images
were recorded both before and after turning the specimen over. The resulting
pairs of phase images were aligned in position and angle and their sums and
differences were calculated to obtain magnetic phase images. Fig. 8 shows a
bright-field TEM image of a ring of five nanoparticles of Co and representative magnetic induction maps showing both clockwise and counterclockwise
magnetization arrangements. It was found that the chiralities of such flux closure states could sometimes be switched in situ in the TEM by using an
out-of-plane magnetic field generated by the objective lens of the electron
microscope (Kasama et al., 2008; Wei et al., 2011).
Magnetic nanoparticle assembly into rings or chains is affected by many
different factors, including magnetic dipolar interactions, aggregate size in
solution and the presence of chemical surfactants. Off-axis EH analysis of
magnetic nanoparticle rings similar to that shown in Fig. 8 reveals each one
to have a flux closure state, despite variations in their size and arrangement.
Fig. 9 shows a variety of self-assembled structures of similar Co nanocrystals,
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FIG. 9 Off-axis electron holography of magnetic configurations in self-assembled Co nanoparticle rings deposited on an amorphous C support film. (A)–(D) Magnetic phase contours with a
spacing of 0.0049 rad generated from the magnetic contribution to the measured phase shift.
The outlines of the nanoparticles are marked in white, while the direction of the measured magnetic induction both using arrows and according to the color wheel shown in (A). Reproduced
from Dunin-Borkowski, R.E., Kasama, T., Wei, A., Tripp, S.L., Hy¨tch, M.J., Snoeck, E.,
Harrison, R.J., Putnis, A., 2004. Off-axis electron holography of magnetic nanowires and chains,
rings, and planar arrays of magnetic nanoparticles. Microsc. Res. Tech. 64, 390.

including five- and six-particle rings and closely-packed aggregates. Magnetic
flux closure is usually achieved, despite the presence of structural defects in the
rings or deviations from radial symmetry. An additional particle adjacent to a
ring can also participate in a collective FC state, as shown in Fig. 9C and D.
The dipole-directed assembly of thermoremanent magnetic nanoparticles
into rings has been discussed for decades. However, reproducible conditions
for their formation have only been established in the last 15 years, as a result
of the development of wet chemical methods and improvements in experimental characterization techniques. Self-assembly into rings can be driven
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enthalpically by magnetic dipolar interactions, and also depends on nanoparticle concentration and entropic factors, such as dispersion and deposition
onto surfaces. Off-axis electron holography studies show that flux closure
states can be the dominant magnetic states at room temperature in magnetic
nanoparticle rings, despite large variations in their geometry or arrangement.
Planar arrays of smaller ( 15 nm) self-assembled Co nanoparticles have
also been studied, in order to understand the influence of magnetic dipolar
interactions on the correlation between particle arrangement and magnetic
order (Varón et al., 2013). Fig. 10 shows electron holographic measurements
of magnetic order in self-assembled chains that have widths of one, three,
and multiple nanoparticles. The measured magnetic states are characterized
by dipolar ferromagnetism, antiferromagnetism or local flux closure, depending on the particle arrangement. Such an assembly of nanoparticles can be
considered as a “meta-material”, whose structure can range between periodic
order and amorphous, when the particles are distributed randomly. In such a
system, the “atomic” description of magnetism (i.e., strong exchange coupling
and negligible dipolar interaction) can break down, as dipolar interactions
can overwhelm interparticle exchange coupling, leading to dipolar magnetic
ordering at temperatures of between 100 and 1000 K (Bedanta et al.,
2007; Majetich and Sachan, 2006; Sugawara and Scheinfein, 1997). The
energy scale of dipolar interactions between magnetic nanoparticles varies
as m0m2/4pr2 and is 2500 K for two 15-nm-diameter Co particles with
magnetic moments m of 2  105 mB and a center-to-center separation of
r ¼ 20 nm. This value is comparable to the exchange coupling energy of
1388 K for Co and approximately four orders of magnitude greater than
the dipolar coupling between two atomic spins at typical interatomic distances in a crystal. The color-coded magnetic induction maps shown in
Fig. 10 were recorded at remanence using off-axis EH before and after
applying off-plane fields of  2 T, revealing the magnetic moment topography of the chains. In a single nanoparticle chain (Fig. 10A), simple ferromagnetic order exists in the initial state. In a three-particle-wide chain
(Fig. 10B), ferromagnetic alignment is observed only for two out of the
three strands, while antiferromagnetic alignment is found between these
two strands and the third one. Such antiferromagnetic alignment is expected
for a square lattice arrangement. In a 6-particle-wide chain (Fig. 10C), several flux-closed regions with domain widths of up to five particles are
observed. No out-of-plane cores, which are typical for magnetic vortices
in continuous thin films, are found, as a result of the absence of interparticle
exchange interactions. At remanence after magnetic saturation, overall dipolar ferromagnetic order is observed along the direction of each chain, with
only local short-range variations of the orientations of the moment. Longrange dipolar ferromagnetic order in such chains has been confirmed using
a computational framework based on an adaption of the Landau–Lifshitz–
Gilbert equations, which provides a semiclassical description of the dynamics of interacting magnetic moments inside materials (Varón et al., 2013).
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FIG. 10 Off-axis electron holography of collective magnetic states in one- and two-dimensional
arrangements of 15 nm self-assembled Co nanocrystals. The figures shows bright-field TEM
images and magnetic induction maps of chains of particles that have widths of (A) one,
(B) three, and (C) multiple nanoparticles. Initial remanent states (IS) and magnetic states after
the application of off-plane magnetic fields of  2 T are shown. Reproduced from Varón, M.,
Beleggia, M., Kasama, T., Harrison, R.J., Dunin-Borkowski, R.E., Puntes, V.F., Frandsen, C.,
2013. Dipolar magnetism in ordered and disordered low-dimensional nanoparticle assemblies.
Sci. Rep. 3, 1234.

Synthesized magnetic nanoparticles are generally considered to be individual units. An interesting magnetic structure may form from subunits that are
each superparamagnetic, but act together to form a stable single magnetic
domain state (Reichel et al., 2017). An example of such a superstructure is
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FIG. 11 TEM and off-axis electron holography study of single magnetic domain superstructured
Fe3O4 nanoparticles. (A) High-resolution TEM image of a nanoparticle comprising an assembly
of Fe3O4 subunits. A Fourier transform of the image (inset) shows a single crystalline pattern.
(B) High-angle annular dark-field scanning TEM image of two Fe3O4 nanoparticles, whose
three-dimensional morphologies were reconstructed from a tilt series of such images using electron tomography, as shown in (C) and (D) from different perspectives. (E) Color-coded magnetic
induction map of a ring-shaped arrangement of such nanoparticles measured using off-axis electron
holography. The phase contour spacing is 0.024 rad. Reproduced from Reichel, V., Kovács, A.,
 Schneck, E., Diehle, P., Pósfai, M., Hirt, A.M., Duchamp, M.,
Kumari, M., Bereczk-Tompa, E,
Dunin-Borkowski, R.E., Faivre, D., 2017. Single crystalline superstructured stable single domain
magnetite nanoparticles. Sci. Rep. 7, 45484.

shown in Fig. 11. A 40 nm nanoparticle is found to consist of several 10 nm
subunits of Fe3O4 nanocrystals, which are each alone expected to be superparamagnetic. Individual particle assemblies show single crystalline patterns in
Fourier transforms of high-resolution TEM images, suggesting the formation
of uniform crystallographic orientations of subunits, despite the presence of
small gaps between them. Electron tomographic reconstruction was used to
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confirm the irregular, three-dimensional shapes of the particles, as shown in
Fig. 11B–D. Off-axis EH was used to study the magnetic induction associated
with individual assemblies of magnetite nanoparticles that were arranged
in rings and chains. A representative magnetic induction map is shown in
Fig. 11E for a ring of six Fe3O4 nanoparticles. The magnetic induction map
shows that each particle comprises a single magnetic domain, while the ring
configuration constrains the magnetic field to form a flux closure state. Phase
information obtained using off-axis EH can be used to measure both the magnetic and the MIP contribution to the phase quantitatively. The magnetic phase
shift across each particle in the ring is approximately 0.34 rad, which is slightly
smaller than the value of 0.5 rad expected for a uniformly magnetized 40 nm
sphere of Fe3O4. In the case of a homogeneous material, the MIP contribution
to the phase is approximately proportional to the nanoparticle thickness in the
electron beam direction. For a spherical 40 nm particle of Fe3O4, assuming a
MIP of 17 V and an accelerating voltage of 300 kV, the MIP at the center of
the particle relative to its surroundings is predicted to be 4.4 rad. For the particles shown in Fig. 11E, the measured MIP contribution to the phase varies
between 2.9 and 4.0 rad, suggesting that the particles have a density that is
slightly lower than that of pure magnetite. High-resolution TEM studies reveal
small gaps and perhaps the presence of organic material between the individual
subunits that make up each particle. As a result, both the MIP contribution and
the magnetic contribution to the phase are lower than they would be for single
crystals of Fe3O4 of the same size.
The magnetic properties of nanoparticles have been studied for many years
(e.g., Jacobs and Bean, 1955). However, there are few experimental measurements of the critical sizes, at which individual nanoparticles are large enough
to support magnetic vortices, rather than single domains. Early off-axis EH
studies were not successful in providing unambiguous proof of the formation
of such vortex states. However, studies of chains of ferromagnetic FeNi crystals, whose diameter was 50 nm and above, revealed magnetic vortex formation
directly (Hÿtch et al., 2003). Fig. 12A shows the magnetic configuration
measured in a chain of Fe0.56Ni0.44 nanoparticles that had been prepared using
cryogenic evaporation–condensation. The particles are each coated in a 3 nm
oxide shell. The MIP (inset, Fig. 12A) and magnetic contributions to the total
phase were separated by tilting the sample and magnetizing the chain in opposite directions using the conventional microscope objective lens. A magnetic
vortex state is visible in the form of a concentration of phase contours (marked
by the symbol “1” in Fig. 12A). Fig. 12B and C shows a selection of magnetic
remanent states in two other chains of FeNi nanoparticles. In a 75 nm particle
sandwiched between two smaller particles (Fig. 12B), closely spaced contours
run along the chain in a channel of width 22  4 nm. A comparison of the result
with micromagnetic simulations (Fig. 12D) (Hÿtch et al., 2003) suggests that
the particle contains a vortex with its axis parallel to the chain axis, as shown
in the corresponding figure. In Fig. 12C, a magnetic vortex can be seen
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FIG. 12 Off-axis electron holography and micromagnetic simulation of magnetic vortex states
in FeNi nanoparticles. (A) Color-coded magnetic induction map and (inset) MIP contribution to
the phase measured from a chain of FeNi nanoparticles. The phase contours suggest the formation
of a tube of magnetic flux in the particle marked “1.” (B) and (C) Experimental magnetic induction maps and corresponding schematic illustrations of magnetic microstructure in FeNi nanoparticle chains. The phase contour spacings are (A) 0.16, (B) 0.083, and (C) 0.2 rads, respectively.
(D) Streamlines generated from a micromagnetic simulation, showing the magnetic induction in
a 75 nm nanoparticle adjacent to 24 and 39 nm nanoparticles, illustrating the three-dimensional
magnetic vector field. Panel (A) is an unpublished result; Panels (B)–(D): Adapted from Hy¨tch,
M.J., Dunin-Borkowski, R.E., Scheinfein, M.R., Moulin, J., Duhamel, C., Mazaleyrat, F.,
Champion, Y., 2003. Vortex flux channeling in magnetic nanoparticle chains. Phys. Rev. Lett.
91, 257207.

end-on in a 71 nm particle at the end of a chain. The positions of the particle’s
neighbors determine the handedness of the vortex, with the magnetic flux channel from the rest of the chain sweeping around the core to form a concentric
magnetic state. The magnetic vortex core, which is perpendicular to the chain
axis, is only 9  2 nm in diameter. The larger value of 22 nm visible in
Fig. 12B results from magnetostatic interactions along the chain (Barpanda
et al., 2006, 2009). Similar vortices were not observed in nanoparticles below
30 nm in size, while intermediate states were observed in the 30–70 nm size
range. Similar nanoparticles with an alloy concentration of Fe0.10Ni0.90 exhibited wider magnetic flux channels of width 70 nm, as well as single domain
states only when their diameter was above 100 nm (Chong et al., 2013). Magnetic vortices have also been observed using off-axis EH in more complicated
arrangements of Fe0.20Ni0.80 nanocrystals (Kim et al., 2014). The complexity
of such magnetic flux closure and vortex states highlights the importance of
controlling the shapes, sizes, and positions of closely-spaced magnetic nanocrystals in applications.
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4.2 Lithographically Patterned Nanostructures
Specimen preparation presents a major challenge for many samples of interest
that contain nanostructured magnetic materials. An example is provided in
Fig. 13, which shows a study of an array of Co dots that were fabricated
directly on a single crystalline Si substrate using interferometric lithography
(Dunin-Borkowski et al., 2001; Ross, 2001). The dots were prepared for
TEM examination using focused ion beam milling in plan-view geometry by
micro-machining a trench from the substrate side of the specimen to leave a
free-standing 10  12 mm membrane of crystalline Si, which had a thickness
of approximately 100 nm and contained over 3000 Co dots. Fig. 13A shows a
secondary electron scanning electron microscopy (SEM) image of the Co dots,
which had a nominal diameter of 100 nm and a nominal thickness of 20 nm.
Fig. 13B shows an off-axis electron hologram recorded from the electrontransparent specimen containing the Co dots. The specimen was tilted slightly
away from the dominating crystallographic zone axis orientations of the

FIG. 13 Off-axis electron holography of a regular array of lithographically patterned magnetic
nanostructures. (A) Scanning electron microscopy image of Co dots fabricated on Si in a square
array using interferometric lithography. (B) Off-axis electron hologram of an electron-transparent
membrane prepared using focused ion beam milling. (C) and (D) Magnetic contributions to the
phase shift measured using off-axis electron holography. The phase contour spacing is
0.033 rads. The magnetic state in (C) was formed by saturating the Co dots upward and then
removing the external magnetic field, while that in (D) was formed by saturating the dots
upward, applying a 382 Oe downward field and then removing the external field. Reproduced
from Dunin-Borkowski, R.E., Newcomb, S.B., McCartney, M.R., Ross, C.A., Farhoud, M., 2001.
Off-axis electron holography of nanomagnet array fabricated by interferometric lithography.
Inst. Phys. Conf. Ser. 168, 485.
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underlying Si substrate, in order to minimize the effects of diffraction contrast
on the recorded phase images. Fig. 13C and D shows contours of spacing
0.033 rads superimposed on the magnetic contributions to the phase for two
different remanent magnetic states of the Co dots. In Fig. 13C, which was
recorded after magnetic saturation of the dots upward and then removing the
external field, the dots are oriented magnetically in the direction of the applied
field. In contrast, in Fig. 13D, which was recorded after saturating the dots
magnetically upward, applying a 382 Oe downward field and then removing
the external field, the dots are magnetized in a range of different directions.
The results show that the dots are even sometimes magnetized out of the plane,
(e.g., at the bottom left of Fig. 13D). The measured saturation magnetizations
are smaller than expected for pure Co, presumably because of a combination
of oxidation and damage sustained during TEM specimen preparation.
Similar results to those shown in Fig. 13 have been obtained from a wide
range of other lithographically patterned nanostructures, many of which show
multidomain behavior (Dunin-Borkowski et al., 2000; Heumann et al., 2005;
Hu et al., 2005). Such elements often show negligible stray magnetic fields
when they support magnetic flux closure states. Off-axis EH has also been
used to provide information about magnetic interactions between closelyseparated ferromagnetic layers within individual Co/Au/Ni spin valve elements (Smith et al., 2000) and Ni79Fe21/Cu/Co/Cu pseudo-spin-valve thin film
elements (Kasama et al., 2005). Such layered structures typically contain a
magnetically hard pinned layer and a magnetically soft free layer, which are
separated by a tunnel barrier or a conducting spacer layer. The resistance
of each structure, which depends on the relative magnetization directions of
the two layers, can be used to sense small magnetic fields, which rotate the
magnetization direction of the free layer. Fig. 14 shows results obtained using
off-axis electron holography from a study of pseudo-spin-valve structures
prepared on an oxidized silicon substrate (Kasama et al., 2005). The figure
shows three representative magnetic induction maps recorded from adjacent
elements in magnetic-field-free conditions after saturating the elements upward
and then applying downward fields with in-plane components of (A) 0, (B) 424,
and (C) 1092 Oe. The phase contours were generated directly from the magnetic contribution to the recorded phase, after subtracting the MIP contribution
from each phase image using in situ magnetization reversal. In regions where
the phase contours in the elements are closely spaced, the directions of the
two magnetic layers are inferred to be parallel to each other, whereas in regions
where they are widely spaced or absent the magnetic layers are inferred to
be antiparallel to each other. The magnetic configurations do not have end
domains or vortices and magnetic interactions between neighboring elements
are not significant. Remanent hysteresis loops were generated from the magnetic phase images of the three elements, as shown in Fig. 14D–G. Fig. 14D
reveals the formation of an antiparallel magnetic state in only one direction,
with switching fields for the two layers of 100–200 and 100–400 Oe.
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FIG. 14 Off-axis electron holography of magnetic remanent states and remanent hysteresis loops of pseudo-spin-valve structures. (A) Magnetic induction maps
recorded in magnetic-field-free conditions using off-axis electron holography from three adjacent Ni79Fe21/Cu/Co/Cu islands, after saturating them upward and
then applying downward fields with in-plane components of (A) 0, (B) 424, and (C) 1092 Oe. The arrows show the measured overall magnetization direction
in each structure. The phase contour spacing is 0.098 rad. (D)–(G) Remanent hysteresis loops measured from the three elements shown in (A)–(C). The loops
in (D)–(G) were obtained from the left, middle, and right elements and their average, respectively. Reproduced from Kasama, T., Barpanda, P., Dunin-Borkowski,
R.E., Newcomb, S.B., McCartney, M.R., Castaño, F.J., Ross, C.A., 2005. Off-axis electron holography of pseudo-spin-valve thin-film magnetic elements. J. Appl.
Phys. 98, 013903.
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In comparison, the other elements have switching fields of 100–200 and
500–700 Oe. Such switching variability is consistent with a collective hysteresis loop measured from approximately 109 elements, in which the switching
field variations of the Ni-Fe and Co layers are 50 and 150 Oe, respectively.
The width of the switching field distribution is thought to result from variations
in the shapes and sizes of different elements, as well as from microstructural
variability.
Magnetic elements can be patterned lithographically directly on electrontransparent Si3N4 membranes that are supported by a single crystalline Si
frame and are available with various thicknesses, arrays, and window sizes.
A recent example of the quantitative measurement of magnetic states in lithographically patterned Co elements is shown in Fig. 15. The analysis is based
on experimentally acquired magnetic phase images and a reconstruction of the
projected in-plane magnetization using the MBIR approach described above.
The Co structures were patterned using electron beam lithography onto a
50-nm-thick Si3N4 membrane. A 36-nm-thick Co layer and an additional
8-nm-thick protective Al layer were deposited using electron beam evaporation. The four Co islands were magnetized inside the electron microscope
by using the magnetic field of the objective lens. The electrostatic contribution to the measured phase was removed by taking half of the difference
between aligned phase images, between which the magnetization had been
reversed (Fig. 15B). An optimal regularization parameter for reconstruction
of the magnetization was chosen. The resulting reconstructed projected
in-plane magnetization distribution is shown in Fig. 15C. The four rectangular
islands support different magnetic states. The upper and lower islands are
nearly homogeneously magnetized along their long axes. The left island supports two clockwise magnetic vortices, while the right island supports a clockwise and a counterclockwise magnetic vortex. On the assumption that the
nominal thickness of the Co islands is accurate, a quantitative map of the
magnitude of the reconstructed in-plane magnetization and a corresponding
histogram of these values are shown in Fig. 15D. The peak of the magnitude
of the measured magnetization in the histogram of 1.79 T is in good agreement with the literature value for the saturation magnetic induction of Co.
The use of a TEM specimen holder equipped with multiple electrical contacts has allowed Lorentz TEM and off-axis EH to be used to study the competing effects of heating and spin torque on the current-induced motion of
transverse and vortex-type domain walls in lithographically patterned permalloy wires (Junginger et al., 2007). Fig. 16 shows such a device, which is made
up of permalloy zigzag structures with line widths and thicknesses of 430 and
11 nm, respectively. Off-axis electron holograms were recorded at sequential
positions of a magnetic domain wall that was moved along a wire using 10 ms
pulses with a current density of 3.14  1011 A m2. It was observed that a
transverse magnetic domain wall initially formed at a kinked region of the
wire after the application of a magnetic field. After applying a current pulse,
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FIG. 15 Quantitative measurement of in-plane magnetization in lithographically patterned elements using off-axis electron holography and model-based iterative reconstruction. (A) Bright-field
TEM image of lithographically patterned Co islands, each of which contains a 36-nm-thick Co layer
on a 50-nm-thick Si3N4 membrane. (B) Magnetic phase image of the Co islands recorded using offaxis electron holography. The dotted lines mark the edges of the islands. The in-plane component of
the direction in which the sample was magnetized is indicated by an arrow. (C) Projected in-plane
magnetization reconstructed from the experimentally recorded magnetic phase image shown in
(B) using model-based iterative reconstruction. For visualization purposes, only every fourth arrow
is shown in the vector plot. (D) Plot of the magnitude of the reconstructed in-plane magnetization
and a corresponding histogram. The blue dashed line marks the peak of the histogram, which corresponds to an in-plane magnetization of 1.79 T on the assumption that the nominal thickness of the
Co layer of 36 nm is correct. Panels (B)–(D): Reproduced from Caron, J., 2017. Model-based
reconstruction of magnetisation distributions in nanostructures from electron optical phase images
€
(PhD Thesis). Key Technologies, Band/Volume 177, Forschungszentrum Julich,
2017.

the magnetic domain wall moved along the wire by approximately 2 mm
in the direction of electron flow and transformed into a vortex-type magnetic
domain wall. After the application of a second pulse, the vortex-type magnetic domain wall moved slightly in the same direction and became distorted,
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FIG. 16 Lorentz TEM and off-axis electron holography of magnetic domain walls in patterned
nanowires. (A) Bright-field TEM image of a permalloy zigzag line structure. The arrows indicate
the directions of magnetization. The positions of nucleated magnetic domain walls are marked
by circles. (B) and (C) Fresnel defocus images of thermally activated vortex and transverse magnetic domain walls. (D) and (E) Magnetic induction maps recorded using off-axis electron
holography from vortex and transverse domain walls in the same wires, showing detailed
spin structures, which are displayed using colors and arrows. Reproduced from Eltschka, M.,
€
€ M., Kasama, T., Dunin-Borkowski,
Wotzel,
M., Rhensius, J., Krzyk, S., Nowak, U., Klaui,
R.E., Heyderman, L.J., van Driel, H.J., Duine, R.A., 2010. Nonadiabatic spin torque investigated using thermally activated magnetic domain wall dynamics. Phys. Rev. Lett. 105, 056601.

with the long axis of the vortex increasingly perpendicular to the wire length.
This behavior may be associated with edge roughness or defects, which may
restrict the movement of the domain wall. After a third pulse, the magnetic
domain wall moved 26 nm further and retained its vortex character. Additional studies have involved the injection of smaller currents to influence thermally activated magnetic domain wall motion between closely adjacent
pinning sites (Eltschka et al., 2010).

4.3 One-Dimensional Magnetic Nanowires
During the past two decades, one-dimensional nanomaterials have attracted
considerable attention as a result of their important role in the miniaturization
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of electronic devices. Magnetic states in one-dimensional structures are influenced strongly by their shape anisotropy. They can be fabricated using techniques such as template-assisted electrodeposition, while their magnetic
properties can be tailored by adjusting their compositions and geometrical
parameters. Off-axis EH has been used to study the magnetic states of Heusler
nanowires (Simon et al., 2016), multilayer nanowires with alternating ferromagnetic and nonmagnetic layers (Akhtari-Zavareh et al., 2014; Reyes et al.,
2016) and modulated ferromagnetic nanowires (Ivanov et al., 2016). Theoretical studies have been used to predict fundamentally different current-driven
motion of transverse domain walls in cylindrical nanowires than in magnetic stripes, as well as the suppression of Walker breakdown (Yan et al.,
2010). Experimental off-axis EH studies of the fine structure of static
magnetic domain walls in Ni nanowires has been used to reveal a transition
from a hybrid state with both vortex and transverse domain walls in
85-nm-diameter wires to pure transverse domain walls in thinner nanowires (Biziere et al., 2013).
Fig. 17 shows results obtained from an off-axis electron holography study
of ultrathin magnetic Co nanowires. Wet chemical preparation methods were
used to prepare Co nanowires with diameters of only 4 nm (Snoeck et al.,
2003). The difficulty of measuring the magnetic signals from such nanowires
results from the fact that the MIP contribution to the phase shift at the center
of a 4 nm Co nanowire is 0.57 rad (assuming a value for the MIP of 22 V),
whereas the step in the magnetic contribution to the phase shift across the
same nanowire is only 0.032 rad (assuming a value for the saturation magnetic induction of 1.6 T). Fig. 17 shows a bright-field TEM image of a bundle
of 4-nm-diameter Co nanowires, which are each between a few hundred nm
and several hundreds of mm in length. Magnetic contributions to the phase
shift were obtained by recording pairs of holograms from each area of interest, with the wires magnetized parallel and then antiparallel to their lengths
by tilting the sample by 30 degrees about axes perpendicular to the wire
axes and then using the conventional microscope objective lens to apply large
in-plane magnetic fields to the specimen. In each case, the magnetic field was
then switched off and the sample returned to zero tilt to record off-axis electron holograms. Just as for the examples presented above, this procedure
relies on the ability to reverse the magnetization direction in the sample
exactly, which is a good assumption for such narrow, highly anisotropic
wires. Fig. 17B and C shows the separated MIP and magnetic contributions
to the phase shift for a single isolated nanowire, in the form of contours that
are spaced 0.005 rad apart. The contours have been overlaid onto the MIP
contribution to the phase, so that they can be correlated with the position
of the nanowire. The closely spaced contours along the length of the wire
confirm that it is magnetized along its length. The fact that they are not
straight may result simply from smoothing of the signal, which is noisy
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FIG. 17 Off-axis electron holography of Co nanowires. (A) Bright-field TEM image of the end
of a bundle of Co nanowires supported by a thin C support film. (B) MIP contribution to the phase
recorded from a single Co nanowire using off-axis electron holography. (C) Contours (0.005 rad
spacing) generated from the magnetic contribution to the phase for the same nanowire, superimposed onto the MIP contribution to the phase. (D) and (E) Phase profiles generated along line “1”
in (B) from the MIP and magnetic contributions to the phase across the isolated nanowire, respectively. Adapted from Snoeck, E., Dunin-Borkowski, R.E., Dumestre, F., Renaud, P., Amiens, C.,
Chaudret, B., Zurcher, P., 2003. Quantitative magnetization measurements on nanometer ferromagnetic cobalt wires using electron holography. Appl. Phys. Lett. 82, 88–90.

and weak. Although the magnetocrystalline easy axis coincides with the
axis of each wire, the fact that such wires are magnetized along their length
results primarily from their small diameters and high aspect ratios. The MIP
and magnetic signals from the wire, which are shown in Fig. 17D and E,
respectively, have magnitudes of D’MIP ¼ 0.65  0.05 and D’M ¼ 0.03
 0.005 rads, respectively.
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5 OFF-AXIS ELECTRON HOLOGRAPHY OF NATURALLY
OCCURRING MAGNETIC MATERIALS
Life on Earth has been shaped in the presence of the magnetic field of the
planet. Simple creatures such as magnetotactic bacteria grow chains of magnetic nanoparticles that are used to orient themselves relative to a vertical
chemical gradient in an aquatic environment. In the field of paleomagnetism,
the stability of the magnetization recorded in rocks over geological time
scales is critical for the recovery of meaningful magnetic information to provide insight into past geomagnetic field behavior and tectonic plate motion.
Moreover, the analysis of meteorites provides unique access to information
about our Solar System and beyond.

5.1 Biominerals at the Nanoscale
Biomineralization is a process by which minerals form as a result of the functioning of living organisms. The processes can be classified as either biologically controlled mineralization (BCM) or biologically induced mineralization
(BIM), based on whether the biomineral is used by an organism for biological
functions or is the byproduct of an organism’s metabolism (Lowenstam, 1981;
Pósfai et al., 2013). An example of BCM is provided by magnetotactic bacteria (Blakemore, 1975), which contain intracellular ferrimagnetic nanoparticles
of magnetite (Fe3O4), greigite (Fe3S4), or both (Bazylinski and Frankel, 2004;
Lafèvre et al., 2011). The magnetic nanoparticles precipitate inside membranebound vesicles to create assemblages of membranes and crystals that are
termed “magnetosomes.” Such nanocrystals usually each contain single magnetic domains (Dunin-Borkowski et al., 1998a), in particular as a result of
magnetostatic interactions between adjacent crystals. Magnetosomes are often
arranged in chains, so that the cell behaves like a miniature compass needle and
is oriented passively parallel to the external geomagnetic field. The cell then
swims parallel or antiparallel to the magnetic field direction, thereby performing magnetically assisted aerotaxis.
Fig. 18A shows a bright-field TEM image of a double chain of magnetite
crystals extracted from a magnetotactic bacterial cell (Simpson et al., 2005).
Each crystal has its {111} crystallographic axis aligned (to within 4 degrees)
with the chain axis, as shown by the arrows in Fig. 18A, but is rotated by a
random angle about this axis. From a magnetic perspective, the alignment of
the crystals ensures that their room temperature magnetocrystalline easy axes
are closely parallel to the chain axis. Off-axis EH studies of similar chains
(Fig. 18B) show directly that the crystals are magnetized uniformly parallel
to the chain axis. Each chain is seen to behave relatively independently.
For such highly aligned chains of magnetic particles, magnetostatic interactions move the boundary between single domain and vortex states to larger
particle sizes and promote the stability of single domain states. This effect,
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FIG. 18 (A) Bright-field TEM image of a double chain of magnetite magnetosomes taken from
a magnetotactic bacterial cell. The white arrows are approximately parallel to [111] crystallographic directions of the individual crystals. (B) Magnetic phase contours measured using off-axis
electron holography from two pairs of bacterial magnetite chains, after magnetizing the sample
parallel and antiparallel to the direction of the white arrow. The colors show the direction of
the measured magnetic induction according to the color wheel. The phase contour spacing is
0.25 rad. Adapted from Simpson, E.T., Kasama, T., Pósfai, M., Buseck, P.R., Harrison, R.J.,
Dunin-Borkowski, R.E., 2005. Magnetic induction mapping of magnetite chains in magnetotactic
bacteria at room temperature and close to the Verwey transition using electron holography.
J. Phys. Conf. Ser. 17, 108–121.

which is also predicted by micromagnetic simulations (Muxworthy et al.,
2003), enables bacteria to grow single magnetic domain crystals to much
larger sizes than would otherwise be possible, thereby optimizing the overall
magnetic moment of the chain.
Iron sulfide magnetosomes in magnetotactic bacteria were first described
in 1990 (Farina et al., 1990) and the predominant mineral phase in the magnetosomes was identified as ferrimagnetic greigite (Fe3S4) (Mann et al., 1990).
Measurements of the magnetic properties of individual sulfide magnetosomes
and their chains have been studied using off-axis EH (Kasama et al., 2006). In
this study, the magnetosomes took the form of multiple chains of greigite with
random shapes and orientations and fairly disorganized arrangements. The
cells were also found to contain elongated iron oxide crystals. Fig. 19 shows
a magnetotactic bacterium that is apparently undergoing cell division.
A multiple chain of magnetosomes is divided approximately equally between
the two daughter cells. On the basis of electron diffraction patterns, there was

FIG. 19 Composite image formed from chemical maps and magnetic induction maps recorded from a dividing magnetotactic bacterial cell that contains both iron
sulfide and iron oxide magnetosomes. The contour spacing is 0.098 rad. Adapted from Kasama, T., Pósfai, M., Chong, R.K.K., Finlayson, A.P., Buseck, P.R.,
Frankel, R.B., Dunin-Borkowski, R.E., 2006. Magnetic properties, microstructure, composition, and morphology of greigite nanocrystals in magnetotactic bacteria
from electron holography and tomography. Am. Mineral. 91 (8–9), 1216.
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no preferred crystallographic direction of the sulfide crystals. Several crystals in the outer regions of the chain appear to be nonmagnetic. Although
the crystals in the cell are less well organized with respect to their morphology, crystallographic orientation and position, when compared to solely
magnetite-producing bacteria, they provide a measured collective magnetic
moment ( 9  1016 A m2) that is sufficient for magnetotaxis and is calculated to allow the cell to migrate along geomagnetic field lines at more than
90% of its forward speed.
Most studies of biological materials in the TEM are carried out in the
absence of a liquid environment. Although the high vacuum of the electron
microscope makes standard imaging of biological samples in their native
hydrated state challenging, recent advances in fluid cell TEM specimen holder
technology are providing new opportunities for the in situ characterization of
dynamic processes in liquids with sub-nm spatial resolution (de Jonge and
Ross, 2011; Schuh and de Jonge, 2014).
Whereas experimental approaches for the in situ characterization of specimens in liquids are becoming capable of imaging structures and monitoring
their dynamic properties, measurements of electromagnetic fields in such specimens face experimental challenges, which include electron-beam-induced
charging and reduced fringe contrast due to the presence of relatively thick
SiN membranes and the thickness of the liquid. However, new developments
in fluid cell TEM specimen holder technology and electron detection technology have allowed the magnetic fields of both intact and fragmented cells of
magnetotactic bacterial strain Magnetospirillum magneticum AMB-1 to be
studied in liquid (Prozorov et al., 2017). Fig. 20 shows experimental off-axis
electron holography results obtained from a hydrated magnetotactic bacterial
cell in a thin layer of deionized water between SiN windows. Fig. 20A–C
shows an off-axis electron hologram, a reconstructed (wrapped) phase image
and an amplitude image of a bacterial cell that contains a magnetosome chain
in liquid. Fig. 20D–F shows a region extracted from an off-axis electron
hologram of the hydrated bacterial cell recorded in its initial state, after tilting the sample by +75 degrees and applying a magnetic field in the direction
of the electron beam and then after tilting it by 75 degrees and applying a
magnetic field of the same magnitude and direction. The left side of the cell
changes during the experiment as a result of electron-beam-induced changes
to the liquid, which take the form of a progression of voids. Significantly,
the bacterial cell wall does not appear to have ruptured, as evidenced by the
bacterial body maintaining its integrity and shape, as well as its relatively
constant density during imaging. Fig. 20G shows part of a magnetic induction map of the magnetite nanocrystal chain in the bacterial cell obtained
from the magnetic contribution to the phase shift. A line profile was generated from the magnetic contribution to the phase (Fig. 20H) to estimate the
in-plane magnetic induction assuming a spherical shape for the particles.
The measured saturation in-plane magnetic induction Bxy was estimated to
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FIG. 20 Off-axis electron holography of a hydrated magnetotactic bacterial cell. (A) Electron
hologram of a hydrated bacterial cell between two SiN membranes. The scale bar is 200 nm.
(B) Wrapped phase image and (C) amplitude image of the bacterial cell shown in (A).
(D)–(F) Off-axis electron holograms acquired (D) in the initial state, (E) after tilting by +75 degrees
and applying a magnetic field in the electron beam direction, and (F) after tilting by 75 degrees and
applying a magnetic field in the electron beam direction. The scale bars are 100 nm. Examples
of electron-beam-induced changes to the specimen include the progression of voids outlined in
yellow and red. (G) Magnetic induction map of the magnetite chain in the bacterial cell reconstructed
from the dashed area in (F). The black phase contours were formed from the magnetic contribution to
the recorded phase shift and have a spacing of 0.098  0.001 rad. The direction of the measured projected in-plane magnetic induction is shown using arrows and colors, according to the color wheel
shown in the inset. The direction of the in-plane component of the magnetic field applied to the specimen before recording the holograms in (E) and (F) is labeled FD and marked by blue and red
arrows. (H) Line profile of the magnetic contribution to the phase shift across the magnetite particle
marked by a red dashed line in (G), yielding a measured value for the saturation magnetic induction
of 0.58  0.1 T. Reprinted from Prozorov, T., Almeida, T.P., Kovács, A., Dunin-Borkowski, 2017.
Off-axis electron holography of bacterial cells and magnetic nanoparticles in liquid. J. R. Soc. Interface 14, 20170464.
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be 0.58  0.1 T, which is consistent with the expected room temperature saturation magnetic induction of magnetite ( 0.6 T).
A significant challenge associated with the use of off-axis EH in combination with a fluid cell is the acquisition of a reference electron wave through liquid instead of vacuum. It is also challenging to obtaining a reference off-axis
electron hologram from an area that is close to the region of interest. In the
study illustrated in Fig. 20, a reference hologram was acquired from the aqueous medium in a suitable area of the fluid cell that was absent of cell debris.
Despite electron-beam-induced displacement and partial evaporation of the liquid surrounding the bacterial cell, no signs of cell wall rupture or release of the
magnetite chains was observed, suggesting that the bacteria remained in a
hydrated state. However, continuous imaging at high magnification in other
regions resulted in damage, as evidenced by the release of magnetite nanocrystal chains into the surrounding liquid, followed by amorphization of individual
magnetite nanocrystals (Prozorov et al., 2017).
Off-axis EH in liquid also offers great promise for studying nanoparticle
response to external magnetic stimuli, as well as other interfacial phenomena
in liquids, such as the direct imaging of electrochemical double layers at solid/
liquid interfaces.

5.2 Magnetic Interactions in Minerals
In contrast to the sizes of crystals in magnetotactic bacteria, the sizes of the
grains in primary magnetic minerals in most igneous and metamorphic
rocks exceed the magnetic multidomain threshold. Although such rocks
are expected to be less likely to maintain strong and stable natural remanent
magnetization over geological times than those containing single magnetic
domain grains, it has been observed that solid state processes such as subsolvus exsolution can transform multidomain grains into collections of single domain grains.
An excellent example of this phenomenon occurs in the magnetite–
ulv€
ospinel (Fe3O4–Fe2TiO4) system (Price, 1981), which forms a complete
solid solution at temperatures above 450°C but unmixes at lower temperatures into magnetite-rich blocks that are separated by nonmagnetic ulv€ospinel-rich lamellae, which form preferentially parallel to (100) planes of the
cubic magnetite host lattice. Fig. 21 shows chemical elemental maps of such
a composite structure, which contains Fe-rich magnetite grains. The specimen
thickness increases from 70 nm at the top of the chosen region to 195 nm at
the bottom. The magnetite blocks are, therefore, approximately equidimensional. Fig. 22 shows the magnetic structure of the resulting magnetite–
ulv€
ospinel system. Remanent magnetic states were recorded by tilting the
specimen in zero magnetic field and using the microscope objective lens to
fully saturate it magnetically, in order to provide a known starting point from
which further fields could be applied. The objective lens was then turned off,
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FIG. 21 Chemical maps of (A) Fe and (B) Ti recorded from a naturally occurring magnetite–
ulv€
ospinel sample using three-window elemental mapping based on electron energy-loss spectroscopy. Brighter contrast indicates a higher concentration of Fe and Ti, respectively. Reprinted from
Dunin-Borkowski, R.E., Kasama, T., Wei, A., Tripp, S.L., Hy¨tch, M.J., Snoeck, E., Harrison, R.J.,
Putnis, A., 2004. Off-axis electron holography of magnetic nanowires and chains, rings, and planar arrays of magnetic nanoparticles. Microsc. Res. Tech. 64, 390.

the specimen tilted in zero field in the opposite direction and the objective
lens excited partially to apply a known in-plane field component to the specimen in the opposite direction. Finally, the objective lens was switched off and
the sample was tilted back to 0 degrees in zero field to record off-axis electron
holograms. This procedure was repeated for a number of different applied
magnetic fields (Harrison et al., 2002). Although the individual magnetite
blocks are found to be primarily in single domain states, Fig. 22 shows that
the overall magnetic domain structure in this sample is extremely complex.
Micromagnetic simulations of isolated cuboidal particles indicate that the
majority of the blocks in Fig. 22 fall within the limits of metastability for single domain states. It appears that the presence of magnetostatic interactions
favors the adoption of metastable single domain states over the equilibrium
vortex state. This behavior results from the fact that the demagnetizing
energy, which normally destabilizes the single domain state with respect
to the vortex state in isolated particles, is greatly reduced in an array of
strongly interacting single domain particles. Several blocks are observed to
act collectively to form magnetic “superstates,” which would normally be
observed in a single, larger magnetized region. A common example is where
two or more magnetite blocks interact to form a vortex superstate. Superstates that are made up of two, three and five blocks are visible in Fig.
22G and E and illustrated in Fig. 24A. Magnetic flux closure is achieved
with considerably less curvature of magnetization within such blocks than
in a single vortex-containing grain, thereby reducing the exchange energy
penalty associated with the nonuniform magnetization.

FIG. 22 Magnetic microstructure of a magnetite–ulv€onspinel sample recorded using off-axis
electron holography. Each image corresponds to a different remanent magnetic state, acquired
with the sample in magnetic-field-free conditions. The outlines of the magnetite-rich regions
are marked by white lines, while the direction of the measured magnetic induction is indicated
both using arrows and according to the color wheel shown at the bottom of the figure. Images
(A, C, E, and G) were obtained after applying a large (>1 T) field toward the top left, then
the indicated field toward the bottom right, after which the external magnetic field was removed
for hologram acquisition. Images (B, D, F, and H) were obtained after applying identical fields in
the opposite directions. Reprinted from Harrison, R.J., Dunin-Borkowski, R.E., Putnis, A., 2002.
Direct imaging of nanoscale magnetic interactions in minerals. Proc. Natl. Acad. Sci. 99 (26),
16556–16561.
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Fig. 23 shows a second example of such collective magnetic behavior in
an exsolved titanomagnetite sample in a clinopyroxene matrix (Feinberg
et al., 2006). Remanent magnetic states were recorded using off-axis EH after
saturating the specimen in-plane parallel to the elongation direction of the central blocks, which are separated by 15 nm of ulv€ospinel. Surprisingly, strong
interactions between the magnetite blocks are found to constrain the remanence
to lie almost perpendicular to the elongation direction of the individual blocks
and to the applied field direction. This behavior is illustrated schematically in
Fig. 24B. The expected remanent state of such a system might have been
expected to involve adjacent blocks being magnetized in an alternating manner
along their elongation directions, as shown in Fig. 24C. Several examples of
such behavior can be found in Fig. 22.

FIG. 23 (A) Elemental map of a naturally occurring titanomagnetite inclusion in clinopyroxene
obtained using three-window mapping based on electron energy-loss spectroscopy. The blue
regions show the positions of magnetite (Fe3O4) blocks, which are separated from each other by
paramagnetic ulv€
ospinel (Fe2TiO4) lamellae. (B) and (C) Magnetic induction maps of the same
region recorded using off-axis electron holography after magnetizing the sample using two different
values of magnetic field applied along the vertical direction of the figure. The black contour lines
show the direction and magnitude of the projected in-plane magnetic induction, which can be
correlated with the positions of the magnetite blocks (outlined in white). Adapted from Feinberg, J.M.,
Harrison, R.J., Kasama, T., Dunin-Borkowski, R.E., Scott, G.R., Renne, P.R., 2006. Effects of internal
mineral structures on the magnetic remanence of silicate-hosted titanomagnetite inclusions: An electron holography study. J. Geophys. Res. Solid Earth 111 (B12), B12S15.

FIG. 24 Schematic diagrams showing some of the possible magnetization states of three closely
spaced exsolved regions of magnetic minerals. Reprinted from Harrison, R.J., Dunin-Borkowski,
R.E., Putnis, A., 2002. Direct imaging of nanoscale magnetic interactions in minerals. Proc. Natl.
Acad. Sci. 99 (26), 16556–16561.
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The complicated combination of multidomain and single-domain-like
properties observed in such minerals means that the ability of fine-scale intergrowths to carry strong and stable natural remanent magnetization is difficult
to predict. Strong magnetostatic interactions between neighboring blocks can
cause a reduction in magnetization due to the spontaneous formation of vortex
or multidomain superstates when an applied magnetic field is removed. Further coarsening of the microstructure would increase the average block size
and the likelihood of the formation of magnetic vortex states. The low magnetocrystalline anisotropy of magnetite results in low intrinsic coercivities if the
blocks have approximately equidimensional morphologies. A block is then
able to respond readily to the demagnetizing field created by its neighbors.
Microstructures with a more lamellar structure have greater shape anisotropy
and a greater potential for maintaining stable remanent magnetization.

5.3 Extraterrestrial Magnetic Minerals
Paleomagnetism of extraterrestrial minerals has the potential to provide a
unique record of the magnetic fields that were present in the early Solar System (Rochette et al., 2009). Measurements can be recorded from particles that
were formed by the accumulation of dust and grit (chondrites) at a time when
the solar nebula transformed from a cloud of dust and gas into planets. Chondrules likely constituted a significant fraction of the mass of asteroids and
terrestrial planet precursors.
The precise cause of the heating events that led to the formation of chondrules is one of the most important outstanding questions in cosmology and is
related to the question of whether chondrules were capable of recording and
retaining reliable preaccretionary remanence (Lappe et al., 2011). However,
the interpretation of records of meteorites is complicated by their poorly
understood rock magnetic properties and their sensitivity to low temperature
phase transformations. Dusty olivine grains in chondritic meteorites have been
proposed as a suitable candidate for retaining a faithful memory of magnetic
fields (Fu et al., 2014). A recent estimate of the ancient magnetic field
intensity from dusty olivine in the Semarkona meteorite has provided an
upper bound of 54  2 mT for the magnetic field that was present in the
chondrule-forming region (2.5 astronomical units, i.e., 375 million km)
of the protoplanetary disk during its first two or three million years (Kita
et al., 2000).
The magnetization carriers in dusty olivine are predominantly metallic
inclusions of kamacite (Fe-Ni) with low Ni concentrations, which support
nonuniform vortex magnetization states. Fig. 25 shows the results of an offaxis EH study of such particles in dusty olivine. Both single domain and single vortex states are imaged directly. Single domain states are typically
observed in elongated particles and can be recognized by their distinctive
external dipolar stray fields and closely spaced interior flux lines parallel to
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FIG. 25 Off-axis electron holography results showing the single domain and single vortex states
that are responsible for stable magnetic remanence in dusty olivine. (A) Mean inner potential contribution to the phase, showing the particle positions. (B) Magnetic induction map recorded from
the same region. Particle 1 is in a single domain state, with a uniform color closely-spaced contours within the particle and distinct dipolar stray magnetic fields outside the particle. Particle
2 contains a single vortex state with the vortex core lying in the plane of the sample. Particle 3
contains a single vortex state with the vortex core lying normal to the plane of the sample. Particle
4 appears to have no magnetic signal. This may be an artefact caused by this particle’s failure to
reverse its magnetic state. Adapted from Lappe, S.-C.L.L., Church, N.S., Kasama, T., da Silva
Fanta, A.B., Bromiley, G., Dunin-Borkowski, R.E., Feinberg, J.M., Russell, S., Harrison, R.J.,
2011. Mineral magnetism of dusty olivine: a credible recorder of pre-accretionary remanence.
Geochem. Geophys. Geosyst. 12, Q12Z35.

their lengths (Particle 1, Fig. 25). Single vortex states were observed in both
in-plane and out-of-plane orientations, depending on whether the vortex core
lies in or out of the specimen plane (Particles 2 and 3, respectively, Fig. 25).
In the in-plane case, only the contribution from the central vortex core, which
points approximately perpendicular to the long axis of the particle, is imaged
using off-axis EH. In the out-of-plane case, the central vortex core appears
dark and the in-plane magnetic flux that circles the core is imaged. Out-ofplane magnetic vortices are much more commonly observed than in-plane
vortices, perhaps as a consequence of the large out-of-plane component of
the saturating magnetic field that was applied to the sample prior to the acquisition of each off-axis electron hologram. Alternatively, it may be a consequence of the fact that the dimensions of the particles in the plane of the
specimen are generally larger than their thicknesses.
Experimental off-axis EH of chondrules from the unequilibrated ordinary
chondrite Bishunpur (LL3.1) meteorite and numerical micromagnetic modeling confirmed that both single vortex and multi vortex magnetization state Fe
grains carry magnetic remanence originating from the early Solar System
(Shah et al., 2018). Bishunpur is regarded to be among the most pristine of
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FIG. 26 Off-axis electron holography of kamacite grains in dusty olivine from Bishunpur
(LL3.1). (A) Bright-field TEM image. (B) Magnetic induction map reconstructed from off-axis
electron holograms recorded at room temperature. The phase contour spacing is p rads.
(C)–(F) Magnetic induction maps recorded during in situ heating from 20 to 300°C. (G) Predicted
contoured electron optical phase image simulated using a micromagnetic model. Adapted from
Shah, J., Williams, W., Almeida, T.P., Nagy, L., Muxworthy, A.R., Kovács, A., Valdez-Grijalva,
M.A., Fabian, K., Russell, S.S., Genge, M.J., Dunin-Borkowski, R.E., 2018. The oldest magnetic
record in our solar system identified using nanometric imaging and numerical modeling. Nat.
Commun. 9, 1173.

nebular materials, which preserves a relatively unaltered record of solar processes. Fig. 26 shows the microstructure and magnetic properties of the meteorite. Chemical composition measurements obtained using energy-dispersive
X-ray spectroscopy were used to establish that the kamacite grains are almost
pure Fe and are encased in forsteritic olivine. Their shape is slightly elongated
and they are typically found to have well-defined single vortex magnetization
states, with their vortex cores aligned out-of-plane and with little external
stray magnetic field. Fig. 26B shows a representative magnetic induction
map recorded from a Bishunpur kamacite grain.
The stability of kamacite grains with temperature was studied by recording
temperature-dependent magnetic induction maps using off-axis EH, as shown
in Fig. 26C–F. The saturated remanent magnetization state, which was
induced at room temperature, resembles that of a uniformly magnetized grain
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or an in-plane vortex core. This remanent magnetic state was maintained
when the grain was heated to 500°C, above which the grain underwent chemical alteration. The multivortex state, with its magnetization aligned with the
long axis, was confirmed using micromagnetic simulations based on a finite
element method algorithm (Conbhuı́ et al., 2018). By using a nudged elastic
band numerical algorithm, energy barriers related to changes of the magnetization state were calculated. The thermal relaxation time across these barriers
at 300°C, which is the highest temperature that was reached by Bishunpur
chondrules since their formation 4.6 Ga (billion years) ago, is many orders
of magnitude longer than the age of the Solar System.
Most current paleointensity protocols assume that magnetization carriers
behave as uniform single domain magnetization states, as the protocols are
based on the Neel theory of single domain grains (Neel, 1950). Nonuniform
magnetization states are the most abundant states of magnetization present
in rocks and meteorites. However, their thermal and temporal stabilities are
poorly understood and they have previously been considered to be poor magnetic recorders. The off-axis EH experiments highlighted in the next sections
confirm that a more comprehensive understanding of the thermomagnetic
characteristics of magnetic vortex states will facilitate more sophisticated
sample-specific paleointensity estimates.

5.4 Oxidation and Thermomagnetic Properties of
Pseudo-Single-Domain Magnetite Particles
Magnetic minerals in rocks record the direction and intensity of the Earth’s
ambient magnetic field during formation, thereby providing information about
past tectonic plate motion. In order to reliably interpret palaeomagnetic data,
thermoremanent magnetization (TRM) and chemical remanent magnetization
(CRM) mechanisms must be fully understood. Models for CRM processes
generally consider small, uniformly magnetized single domain grains. The
magnetic signals from rocks are often dominated by small multidomain states
that exhibit magnetic recording fidelities similar to those of the single domain
state and are termed pseudo-single-domain (PSD). The subject of paleomagnetic research is often magnetite (Fe3O4) because of its high abundance
on Earth and strong, dominating magnetization. However, its ability to preserve the remanence of the Earth’s magnetic field is influenced by progressive
oxidation at ambient pressures and temperatures to less magnetic iron oxides
such as maghemite (g-Fe2O3) and haematite (a-Fe2O3).
TEM and off-axis EH studies can be used to provide information about
chemical alteration and the corresponding magnetic states of Fe3O4 grains
during oxidation. In order to fully appraise the effects of chemical alterations
on CRM processes, it is necessary to investigate changes in magnetic domain
structure in grains under controlled conditions. Fig. 27 illustrates the application of a range of complementary electron microscopy techniques to the
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FIG. 27 Visualized effect of oxidation on the magnetization of an equiaxed Fe3O4 particle.
(A) and (B) Bright-field TEM images acquired (A) before and (B) after in situ heating to
700°C in 9 mbar of O2 for 8 h in an environmental TEM, with the inset electron diffraction patterns indexed to Fe3O4. (C) Electron energy-loss spectra of the Fe L2,3 edge acquired from the particle before (blue) and after (red) annealing. Black arrows emphasize three differing intensities
from the mixed-valence compound of Fe3O4, while red arrows highlight the formation of preand postpeaks that indicate oxidation toward g-Fe2O3. (D) and (E) Magnetic induction maps
determined from the magnetic contribution to the phase shift, reconstructed from off-axis electron
holograms recorded (D) before and (E) after in situ heating, revealing the presence of a magnetic
vortex state in the particle. The phase contour spacing is 0.79 rad in both magnetic induction
maps. The projected in-plane magnetic induction direction is shown using arrows and depicted
in the color wheel. (F) and (G) Magnetic contributions to the phase shift, which were used to generate the magnetic induction maps shown in (D) and (E), respectively. (H) Line profiles across
their centers before (blue) and after (red) annealing. The black arrows in (H) illustrate a loss
in overall magnetic remanence. The scale bars are 100 nm. Reproduced from Almeida, T.P.,
Kasama, T., Muxworthy, A.R., Williams, W., Nagy, L., Hansen, T.W., Brown, P.D., DuninBorkowski, R.E., 2014. Visualized effect of oxidation on magnetic recording fidelity in pseudosingle-domain magnetite particles. Nat. Commun. 5, 5154.
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examination of local changes in the magnetization of PSD Fe3O4 grains, as they
chemically alter during in situ heating in a controlled oxidizing atmosphere.
A bright-field TEM image shows a native, smooth-surfaced 200 nm grain.
Electron diffraction patterns and electron energy-loss spectroscopy (EELS)
were used to confirm the structure and oxidation state of Fe3O4. The L2 ionization edge shows the typical shape of a mixed-valence compound, with three
visible features of differing intensity (Fig. 27C, black arrows), while the almost
shapeless L3 edge is attributed to the combined spectral contributions of different iron sites (that is, Fe2+ at octahedral B sites and Fe3+ at both tetrahedral
A and octahedral B sites), consistent with the more delocalized structure of
Fe3O4, as compared to other mixed iron oxides (Fujii et al., 1999). The
corresponding magnetic induction map shown in Fig. 27D exhibits evenly
spaced magnetic contours, which span from the surface to the center of the
grain, flowing in a counterclockwise direction (denoted by arrows), characteristic of a vortex state.
The same Fe3O4 grain was exposed to a 9 mbar O2 atmosphere at 700°C
for 8 h in an environmental TEM (Fig. 27B). Degradation of the surface of
the grain is apparent, even though the associated electron diffraction pattern
does not present any evidence for the formation of additional crystalline
phases. The development of fine features in the associated EEL spectrum of
the heated grain, taking the form of a small prepeak in the L3 edge and postpeak in the L2 edge (Fig. 27C, red arrows), is indicative of a change in Fe oxidation state toward g-Fe2O3 or a-Fe2O3. The magnetic state of the oxidized
particle is still a vortex with counterclockwise magnetization (Fig. 27E),
although close inspection of the measured magnetic phase shift before and
after oxidation (Fig. 27F–H) reveals a reduction in its amplitude, indicating
a loss of overall magnetic remanence in the particle.
The combined oxidation and off-axis EH investigation provides a visual representation of the effects of accelerated chemical oxidation on the magnetization
of a PSD particle (Almeida et al., 2014). The magnetic domain states exist in
three dimensions, which suggest a greater degree of complexity associated with
the CRM process than can be fully accessed by a two-dimensional in-plane representation of the magnetization. Comparisons between experimental and
simulated magnetic induction maps and the reconstruction of magnetic field distributions in three dimensions may provide insight into these processes.
In igneous rocks, thermoremanent magnetization is acquired in the direction
of the ambient geomagnetic field as grains cool below their Curie temperature
TC ( 580°C for magnetite). Current understanding of the thermomagnetic
behavior of PSD remanence is obtained from bulk magnetic measurements
and numerical models (Muxworthy et al., 2003; Thomson et al., 1994). However, the models cannot be used to provide details of PSD stability and transition
states with temperature. Therefore, the direct visualization of PSD magnetic
structures during in situ heating close to TC has the potential to revolutionize
our knowledge of the behavior and stability of recorded paleomagnetic signals.
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FIG. 28 Off-axis electron holography of the thermomagnetic behavior of a PSD magnetite
(Fe3O4) grain, which has a length of 150 nm along its long-diagonal axis. The magnetic induction maps were reconstructed from off-axis electron holograms recorded at the indicated temperatures during in situ heating to 400, 500, and 550°C and subsequent cooling to 500, 400, and 20°C.
The red arrow, labeled FD, shows the direction of the in-plane component of the initial applied
saturating magnetic field, whereas the blue arrow shows the directions in which the field was
applied to determine the mean inner potential contribution to the phase. The phase contour
spacing is 0.098 rad in all the magnetic induction maps. The projected in-plane magnetic induction direction is shown using white arrows and colors, according to the color wheel. The symbol
“V” marks the center of a magnetic vortex. Reproduced from Almeida, T.P., Muxworthy, A.R.,
Kovács, A., Williams, W., Brown, P.D., Dunin-Borkowski, R.E., 2016a. Direct visualization of
the thermomagnetic behavior of pseudo-single-domain magnetite particles. Sci. Adv. 2 (4),
e1501801.

Fig. 28 shows the thermomagnetic behavior of a small PSD Fe3O4 grain
that was heated to 550°C and than cooled back to 20°C. The grain has a length
of 150 nm across its long-diagonal axis. Fig. 28 first shows a magnetic
induction map of the Fe3O4 grain constructed from off-axis electron holograms recorded at room temperature, after initially being magnetized using
a saturating field. At room temperature, its magnetization flows generally
from left to right along the short-diagonal axis and interacts with a small vortex core (denoted V), along with a component of stray magnetic field, which is
characteristic of a PSD state. The associated magnetic induction map acquired
at 400°C shows the Fe3O4 grain to display a very similar magnetization state
as the grain at room temperature, with the strength and direction of the magnetization essentially unchanged and stable with heating from 20 to 400°C.
However, the remanent PSD state then changes markedly when the temperature is increased to 500°C, with the magnetic contours narrowing and aligning
along the long-diagonal axis of the grain and curving away from this axis at
its top and bottom. A further increase in temperature to 550°C results in a
widening of the magnetic phase contours, which become more closely aligned
with the long-diagonal axis of the grain. The magnetic states at 500 and 550°C
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FIG. 29 Off-axis electron holography and micromagnetic simulations of a magnetic vortex state
in a single magnetite (Fe3O4) grain. (A) Bright-field TEM image of the grain, whose major axis
has a length of 250 nm. (B)–(D) Magnetic induction maps recorded using off-axis electron holography (B) at room temperature (the arrow shows the applied magnetic field direction, FD), (C) during
in situ heating at 600°C and (D) at room temperature again. (E) and (G) Micromagnetic simulations,
showing magnetic moments flowing clockwise and counterclockwise around a vortex core and
(F) and (H) corresponding simulated magnetic induction maps. Reproduced from Almeida, T.P.,
Muxworthy, A.R., Kovács, A., Williams, W., Nagy, L., Conbhuı´, P., Frandsen, C.,
Supakulopas, R., Dunin-Borkowski, R.E., 2016. Direct observation of the thermal demagnetization of magnetic vortex structures in nonideal magnetite recorders. Geophys. Res. Lett. 43 (16),
8426–8434.

could be misinterpreted as single domain. However, because the flux loops
on either side of the central magnetic contours are contained within the
Fe3O4 grain, they are more likely to correspond to vortex states, which are
observed edge-on. On cooling, the magnetic induction map recovers the
original PSD state, with the contours flowing from left to right along the
short-diagonal axis of the grain and again interacting with a small vortex
core (located toward the bottom of the grain), along with a component of
stray magnetic field.
Fig. 29 shows the evolution of the magnetic state inside a different magnetite grain that was subjected to in situ heating, alongside the results of micromagnetic simulations. The grain has a major axis of 250 nm. The magnetic
induction map reveals that its room temperature magnetic state takes the form
of a large clockwise spiraling vortex with a dipole-like external magnetic
field, thereby providing a good example of a PSD/vortex magnetic structure.
Increasing the temperature to 600°C results in complete demagnetization
(Fig. 29C). The vortex PSD state is recovered on cooling back to room temperature. However, the handedness of the vortex structure is in the opposite
direction after demagnetization (Fig. 29D). The corresponding micromagnetic model (Fig. 29E–H) provides supporting information in the form
of a three-dimensional illustration of the magnetic domain structure of
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the Fe3O4 grain, with corresponding simulated magnetic induction maps.
The simulations compare well with the experimental results. The magnetic
signal recorded by this vortex state can, in this instance, assume four possible variations: (1) clockwise or (2) counterclockwise vorticity, with the
direction of the vortex core axis pointing (3) upward, or (4) downward,
out of the plane. Off-axis EH is limited to measurement of the in-plane magnetic component and, hence, the direction of the vortex core is unknown.
Nevertheless, since the paleodirectional information is recovered from the
direction along the vortex core axis, which can assume only one of two possible orientations, the particle can be said to behave like a uniaxial single
domain particle at temperatures approaching TC.
Single domain grains are considered to be the most reliable magnetic
recorders and, as their grain size increases, they unblock at higher temperatures approaching TC. However, once a critical size is reached at which a vortex state, i.e., a PSD state, becomes favorable at room temperature ( 100 nm
for magnetite), the in situ off-axis electron holography annealing studies show
that the unblocking temperature decreases to between 400 and 500°C and
then gradually increases again as the PSD grain size increases further. Hence,
if the grain size is increased, one would expect the following transition: stable
single domain ! dynamic vortex ! stable vortex. PSD grains recover both
their directional and their intensity information after heating close to TC,
making them excellent paleomagnetic recorders.

6 OFF-AXIS ELECTRON HOLOGRAPHY OF MAGNETIC
SKYRMIONS
In a quantum mechanical description, the symmetrical exchange interaction
originates from the overlap of an electron’s wavefunction with neighboring
atoms in a crystalline lattice. In a ferromagnetic material, the magnetic
moments prefer to be aligned in the same direction, in order to minimize
the energy of the system. This energy term is described by the Hamiltonian
H ¼ J Si  Sj , where S is an operator that describes the localized spins of
two adjacent atoms. For J > 1, ferromagnetic order is fulfilled in three
dimensions, which tends to align two spins to be parallel, while J < 1 corresponds to an antiferromagnetic interaction, which aligns the spins to be
antiparallel. However, some low symmetry magnetic materials exhibit a
weak asymmetric exchange coupling, which is named the Dzyaloshinskii–
Moriya interaction (DMI) (Dzyaloshinskii, 1958; Moriya, 1960). Its energy
term is represented by the Hamiltonian H ¼ DSi  Sj , where the vector
D depends on the magnetic system and couples the two spins perpendicularly. The combination of the two interactions results in interesting spin
arrangements. The DMI favors a screw-like arrangement of the magnetic
moments and competes with ferromagnetic exchange, resulting in a spiral
or helical magnetic configuration, whose period depends on the strength
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of the DMI. The characteristic winding period is typically larger than the
lattice constant of the material, resulting in a decoupling of the magnetic
and atomic structures.
Chiral magnetic materials have recently attracted interest due to the fact
that in the presence of a small perpendicular magnetic field the spin structure
can arrange into a nontrivial magnetic order, in the form of a vortex surrounded by chiral boundaries. This emerging structure is named a magnetic
skyrmion, in analogy to the topologically protected defects in particle physics
that were proposed by Skyrme (1961). The existence of stable magnetic skyrmions in chiral magnetic materials was predicted theoretically by Bogdanov
and Yablonskii (1989). However, experimental proof was not available until
2009, when the A phase in a bulk noncentrosymmetric B20-type Mn-Si single
crystal was observed using neutron diffraction (M€uhlbauer et al., 2009).
The formation of magnetic skyrmions and related spin structures now paves
the way toward interesting applications. In particular, the ability to move skyrmions in lateral directions using extremely low electrical currents (Yu et al.,
2012) has triggered interest in their use in information technology, with
skyrmions acting as data bit carriers that can be moved along a magnetic stripe,
which takes the role of a guiding track (Sampaio et al., 2013). It has been
demonstrated that very short magnetic field pulses (Onose et al., 2012) can lead
to the movement of skyrmions and that femtosecond laser pulses using the
inverse Faraday effect (Ogawa et al., 2015) induce small reversible variations
in skyrmion order.
Crucially, the emergence of the DMI was extended to magnetic layers, in
which inversion symmetry is broken by the presence of interfaces. This effect
was first demonstrated by the observation of a spiral spatial modulation of spin
orientation in Mn deposited on a W [110] surface, with a winding periodicity that
was related to the magnitude of the DMI (Bode et al., 2007). Atomic-scale magnetic skyrmions have also been confirmed (Heinze et al., 2011). Recently, the
formation of skyrmions at room temperature was demonstrated in magnetic multilayers (Boulle et al., 2016; Moreau-Luchaire et al., 2016; Woo et al., 2016)
grown using magnetron sputtering. By using an appropriate choice of elements
in the multilayer stack, the interfacial DMI can be enhanced, allowing the sizes
of the skyrmions to be controlled. Theoretical and experimental studies suggest
that skyrmions can be nucleated, stabilized and manipulated using electrical
charge in such materials (Wiesendanger, 2016).
The nature and symmetry of the DMI can affect the spin structure of a skyrmion. In particular, there are both vortex-like skyrmions, in which intermediate spins are aligned tangentially to the circular structures (resembling a
Bloch-type domain wall), and hedgehog-like skyrmions, in which the intermediate spins point along a radial direction (resembling a Neel-type domain
wall). However, both structures are topologically equivalent. With few exceptions, such as the polar magnetic semiconductor Ga-V-S (Kezsmárki et al.,
2015), skyrmions in materials with bulk chiral DMIs (e.g., transition metal
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FIG. 30 Magnetic spin textures of (A) a Bloch-type skyrmion, (B) an antiskyrmion, and (C) a
Neel-type skyrmion. (D)–(F) Cross sections of Bloch and Neel skyrmions along radial directions. (G)–(I) Schematic diagrams of the in-plane magnetic field arrangements and
corresponding simulated Fresnel defocus images. Reproduced from Nayak, A.K., Kumar, V.,
€
Ma, T., Werner, P., Pippel, E., Sahoo, R., Damay, F., Roßler,
U.K., Felser, C., Parkin, S.S.P.,
2017. Magnetic antiskyrmions above room temperature in tetragonal Heusler materials. Nature
548, 561–566.

silicides and germanides such as MnSi, (Fe,Co)Si, and FeGe) typically form
Bloch-type skyrmion structures, while in magnetic multilayers with chiral
DMIs interfacial symmetry breaking results in the formation of hedgehog-like
Neel-type skyrmion structures. A further structure that extends the family of
skyrmions to three members is the recently confirmed antiskyrmion state in
acentric tetragonal Heusler alloys (Nayak et al., 2017).
Fig. 30 shows schematic diagrams of the spin textures of a Bloch-type skyrmion, an antiskyrmion and a Neel-type skyrmion and their expected contrast
in Fresnel defocus images. In the case of a Neel-type skyrmion, just as for a
Neel-type magnetic domain wall (Benitez et al., 2015), the deflected electrons
make a closed loop, resulting in no intensity modulation in a Lorentz TEM
image and no phase shift. However, the use of a small sample tilt introduces
an in-plane component of magnetization from the moments in the core of the
Neel-type skyrmion (Pollard et al., 2017), making it visible using magnetic
imaging techniques in the TEM.
This section focuses on the magnetic imaging of Bloch-type skyrmions in
the cubic chiral magnet B20-type FeGe. TEM specimen preparation from bulk
samples is first introduced, followed by examples of the temperature and magnetic field dependence of the internal structures of skyrmions and control of
the morphology and formation of skyrmions in different confined geometries.
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The formation of a novel topologically stable structure, which is termed a chiral bobber, is then discussed, before presenting recent advances in the detailed
measurement of in-plane magnetization distributions.

6.1 Bloch-Type Skyrmions in Cubic Chiral Magnets
Since the first discovery of a skyrmion lattice (SkL) structure in MnSi
(M€
uhlbauer et al., 2009), compounds based on the B20-type crystal structure
have been the most studied skyrmion-hosting materials. Most materials with
this crystal structure are compounds of silicides and germanides of MnSi,
Mn1x(Fe,Co)xSi, Fe1xCoxSi, FeGe, and MnGe, as well as the insulator
Cu2OSeO3. The B20 cubic crystal structure belongs to the space group P213
(No. 198), which lacks inversion symmetry and results in the possibility of
nonsuperposable mirror atomic structures (enantiomers). Fig. 31A shows a unit

FIG. 31 (A) Unit cell of B20-type FeGe, which has a magnetic transition temperature of
278.3 K. (B) Spin structure of a Bloch-type skyrmion in a thin film of thickness L in the presence
of an out-of-plane magnetic field Bext. (C) Schematic B-T phase diagram for magnetic phases in
B20 FeGe. The regions marked “H,” “Skyrmion,” and “FM” denote a helical magnetic structure, a
skyrmion lattice, and a saturated ferromagnetic state, respectively. (D) Magnetic phase image and
magnetic induction map of a helical magnetic structure in FeGe recorded at 95 K in zero magnetic
field. (E) Magnetic phase shift and magnetic induction map of a skyrmion lattice in FeGe recorded
at 95 K in the presence of a 100 mT out-of-plane magnetic field. In each magnetic induction map,
the phase contour spacing is 0.098 rad and a color wheel is inset. Adapted from Kovács, A.,
Dunin-Borkowski, R.E., 2017. Lorentz Microscopy and Electron Holography of Skyrmions.
Chapter C7 in “Topological Matter—Topological Insulators, Skyrmions and Majoranas.” Presented
€
at the 48th IFF Spring School, 27 March–7 April 2017. Forschungszentrum Julich,
Germany.
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cell of B20-type FeGe, which has a lattice constant of a ¼ 4.689 Å and a magnetic transition temperature TC of 278.3 K. The spin arrangement in a Blochtype skyrmion is shown schematically in Fig. 31B. Some material parameters,
such as the micromagnetic exchange constant A, the DMI constant D, and the
magnetization Ms, are related directly to experimentally measurable quantities.
For example, the ratio of the micromagnetic and DMI constants determines the
lowest period of an incommensurate spin spiral and the equilibrium period of
the helical phase LD, as well as the critical field corresponding to the saturation
field of the system HD, through the expressions
A
D2
:
LD ¼ 4p , HD ¼
2Ms A
D

(14)

The parameters LD and HD can be considered as fingerprints for each particular
chiral magnet. The following material parameters are estimated for FeGe
(Beg et al., 2015): A ¼ 8:78 pJ m1 , D ¼ 1:58 mJ m2 , and Ms ¼ 384 kA m1,
resulting in a period for the helical phase LD of 70 nm for B20-type FeGe. For
uhlbauer et al., 2009), while for Fe1xCoxSi LD ¼ 90 nm
MnSi LD ¼ 18 nm (M€
(Milde et al., 2013). SkL formation takes place in an out-of-plane magnetic
field of 100 mT, while the system becomes magnetically saturated when
the applied magnetic field reaches a few hundred mT. These characteristic
parameters make the FeGe system favored for magnetic imaging studies using
TEM, as the required temperature can be reached using a liquid-nitrogencooled TEM specimen holder, while the out-of-plane magnetic field can be
controlled using the conventional microscope objective lens. Fig. 31C shows
a temperature T vs external magnetic field Bext diagram for a thin film of FeGe
(Yu et al., 2011). A helical structure forms stripes, while skyrmions form a lattice in the presence of a small out-of-plane magnetic field, as shown in Fig. 31D
and E. The magnitudes of local variations in the magnetic contribution to the
phase shift across individual skyrmions, recorded using off-axis EH, can be
studied quantitatively as a function of temperature and magnetic field, in order
to create a detailed experimental phase diagram of magnetic states in B20-type
FeGe thin films. In order to separate the magnetic contribution to the phase
shift from the MIP contribution, phase images of B20-type FeGe can be
recorded both at reduced temperature and at room temperature, when FeGe is
paramagnetic. The two recorded phase images can then be aligned and subtracted from each other (on the assumption that the MIP contribution to the
phase is the same and that there are no changes in diffraction contrast or specimen charging between the two temperatures). By generating contours and colors from the magnetic contribution to the phase, a magnetic induction map can
be obtained (Fig. 31D and E).
A full understanding of the novel magnetic properties of skyrmions can be
achieved by combining experimental and theoretical methods. Magnetic skyrmions can be described phenomenologically using a classical micromagnetic
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model for an isotropic chiral magnet. The model contains the Heisenberg
exchange interaction, the DMI, the interaction with the applied field (the
Zeeman term) and the interaction with the demagnetizing field, in the form
Z


1
^  ½r  m+
^ Ms Bext  m
^
^ dr,
^ 2 + ∂y m
^ 2 + ∂z m
^2 +Dm
Ms Bd  m
A ∂x m
E¼
2
Vs

(15)
^ mðx,y,
^
where the integration extends over the volume Vs of the sample, m
zÞ
^ ¼ M=Ms and the saturation magnetization
is a continuous unit vector field m
of B20-type FeGe Ms is 384 kA m1. In Eq. (15), Hext is the externally
applied magnetic field and Hd is the demagnetizing field generated by the discontinuity of the magnetization of the sample at its surface.

6.2 Sample Preparation for Magnetic Imaging of Bloch-Type
Skyrmions in FeGe
TEM examination requires the preparation of electron-transparent samples
that are free of artefacts. As skyrmion-hosting samples are often bulk or thin
films deposited on substrates, thinning is usually required for magnetic imaging. Bulk materials, similar to those described in Section 3, can be prepared
for TEM analysis in a dual-beam scanning electron microscope equipped with
a focused ion beam milling system. The ability to image a sample in the scanning electron microscope as it is being milled using a focused Ga ion beam
provides precise control over the sputtering and thinning processes. Fig. 32
shows some of the fabrication steps that are involved in preparing a TEM
specimen that is suitable for magnetic imaging. In this example, a single crystal of B20-type FeGe is fixed onto a support stub using conductive C glue
(Fig. 32A). A protective Pt/C or C layer is then deposited onto the surface
at the region of interest. This step is followed by sputtering material away
using a focused beam of Ga ions on each side of the desired thin section, as
shown in Fig. 32B. The slice can then be extracted using a piezo-controlled
micromanipulator (Fig. 32C) and attached to a support grid, which is used
to transfer it to the TEM (Fig. 32D). A final ion milling step is used to obtain
a specimen thickness of 100 nm or less. It is recommended to use low
(<1 keV) Ga ion energies during the final thinning step, in order to reduce
specimen surface damage. Alternatively, low energy Ar ion milling can be
used to reduce the thickness of the damaged surface layer. Focused ion beam
preparation allows a thin specimen with a large surface area and a homogenous thickness to be prepared for magnetic imaging. Fig. 32E shows a Fresnel
defocus image of a FIB-prepared TEM specimen, in which thousands of skyrmions are visible in a lattice arrangement.
Precise control of sputtering during focused ion beam preparation provides
additional freedom and control during the preparation of electron-transparent
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FIG. 32 Steps involved in using focused ion beam milling to prepare a specimen of FeGe for
magnetic imaging. (A) Secondary electron image of a B20-type FeGe single crystal embedded
in carbon glue for focused ion beam preparation. (B) and (C) Secondary electron image of a
focused-ion-beam-prepared section (top view) The yellow part marks the deposited protective
layer. (D) The lamella attached to a Cu support grid using Pt/C bonds. (E) Fresnel defocus image
of a skyrmion lattice recorded at 240 K at a defocus of 800 mm. (F) Fresnel defocus image of skyrmions in a needle-shaped specimen recorded at 200 K at a defocus of 600 mm. Panels (A)–(C):
Unpublished results; Panels (D)–(F): Adapted from Kovács, A., Dunin-Borkowski, R.E., 2017.
Lorentz Microscopy and Electron Holography of Skyrmions. Chapter C7 in “Topological
Matter—Topological Insulators, Skyrmions and Majoranas.” Presented at the 48th IFF Spring
€
School, 27 March–7 April 2017. Forschungszentrum Julich,
Germany.

specimens of different geometries, such as disc-shaped or needle-shaped
morphologies (Fig. 32F), which can be used to study the effects of confinement on skyrmion formation, as described below.

6.3 Temperature and Magnetic Field Dependence of the Spin
Structures of Bloch-Type Skyrmions in FeGe
Skyrmions in FeGe form below 278 K over a relatively large range in the temperature vs magnetic field phase diagram (Fig. 31C). An ordered hexagonal
SkL forms upon cooling the sample in the presence of a small out-of-plane
magnetic field. In this section, the stability and internal structure of skyrmions
are analyzed as a function of temperature and magnetic field using offaxis EH.
Fig. 33A–D shows the temperature dependence of the magnetic texture
of a SkL in FeGe in the presence of a constant magnetic field of 100 mT
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FIG. 33 Temperature dependence of the magnetic texture of a skyrmion lattice in FeGe.
(A)–(C) Magnetic induction maps recorded in the presence of a 100 mT out-of-plane magnetic
field as a function of specimen temperature using off-axis electron holography. (D) Plot of the
magnetic phase shift from the center to the edge of a skyrmion, which decreases as the temperature approaches TC. (E)–(H) Fresnel defocus images of the skyrmion lattice recorded close to
the transition temperature. The specimen temperature is labeled in each image. Panels (A)–(D):
Adapted from Kovács, A., Dunin-Borkowski, R.E., 2017. Lorentz Microscopy and Electron
Holography of Skyrmions. Chapter C7 in “Topological Matter—Topological Insulators, Skyrmions and Majoranas.” Presented at the 48th IFF Spring School, 27 March–7 April 2017.
Forschungszentrum Julich,
€
Germany. Panels (E)–(H): Unpublished results.

recorded using off-axis EH. The density of the phase contours in the magnetic
induction maps decreases as the temperature approaches the transition point at
TC ¼ 278 K. In some cases, grain boundaries and dislocations in the lattice
arrangement are observed at higher temperature. Fig. 33E–H shows Fresnel
defocus images of skyrmions close to the transition temperature TC. The
SkL structure becomes fainter and eventually disappears at 278 K, confirming that the transition temperature in a thin film is the same as that in a
bulk crystal.
The magnetic field dependence of a SkL in FeGe was studied using offaxis EH in the presence of an out-of-plane magnetic field Bext, which was
applied to the sample using the conventional microscope objective lens, as
shown in Fig. 34. As the applied field was increased to 300 mT, the SkL
started to deviate from a lattice arrangement, becoming disordered at approximately 350 mT. At 400 mT, the number of skyrmions decreased significantly. At higher magnetic fields, the skyrmions disappeared and the sample
became fully saturated magnetically parallel to the applied field direction.
The internal structure of a skyrmion (Shibata et al., 2017) has been analyzed
in detail using off-axis electron holography. The analysis was carried out in
cylindrical coordinates r ¼ ðr sin ’, r cos ’,zÞ, where the origin (r ¼ 0) is taken
at the center of a skyrmion, the z-axis is taken to be perpendicular to the film
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FIG. 34 Magnetic field dependence of a skyrmion lattice in FeGe measured using off-axis electron holography. (A)–(D) Magnetic phase images recorded at 200 K in the presence of out-ofplane magnetic fields of (A) 100, (B) 300, (C) 350, and (D) 400 mT. Adapted from Kovács, A.,
Dunin-Borkowski, R.E., 2017. Lorentz Microscopy and Electron Holography of Skyrmions.
Chapter C7 in “Topological Matter—Topological Insulators, Skyrmions and Majoranas.” Presented at the 48th IFF Spring School, 27 March–7 April 2017. Forschungszentrum Julich,
€
Germany.

plane and ’ ¼ 0 is a line passing through the origin and the center of a second
nearest neighbor skyrmion. Fig. 35A and B illustrates the magnetic configuration and the definition of the cylindrical coordinate system (r, ’, z). The magnetic moment vectors m at the core and edge are antiparallel and parallel to
the direction of the applied magnetic field Bext ¼ Bextez, respectively. In the
intermediate region, m rotates from the core to the edge in a unique rotational
sense, which is right-handed in this case. A cylinder-like structure is assumed,
in which m(r) is homogeneous along Bextjjez. This assumption does not
strictly hold, since the magnetic structure is modulated near the specimen surfaces (Leonov et al., 2016; Rybakov et al., 2013). It is then convenient to
describe the structure as a function of distance from the center of a skyrmion
(r), on the assumption that it can be treated as an almost axially symmetrical
object. Each radial phase profile f(r) was normalized, so that the difference
(Df) between the peak and the dip was identical, as shown in Fig. 35C for different values of T at Bext ¼ 100mT. The consistency between the curves indicates that there is no significant dependence of skyrmion structure on T over
the studied range of values of Bext. Fig. 35G shows the dependence of the

Magnetic Imaging of Nanostructures Chapter

2 121

FIG. 35 Analysis of the T and Bext dependence of internal skyrmion structure measured using
off-axis electron holography. (A) Schematic diagram of the magnetic configuration (m) of a skyrmion, shown alongside the definition of the cylindrical coordinate system (r, ’, z). Bext and ke
are the external magnetic field and the wavevector of the incident electron beam, respectively.
(B) Definition of spin rotation angle y. (C) T dependence of the normalized phase distribution
plotted as a function of distance (r) from the center of a skyrmion. (D) T dependence of y plotted
as a function of r. (E) and (F) Bext dependence of the normalized phase distribution and y, respectively, plotted as a function of r. (G) Normalization factor Df for the phase profiles shown in
(C) plotted as a function of T. The right axis shows an estimation of Ms in units of M0. The dashed
line shows a theoretical curve for the critical exponent b ¼ 0.336 (Zhang et al., 2016a). The vertical arrow indicates the magnetic transition temperature. (H) and (I) Calculated Bext dependence
of the normalized phase distribution and y, respectively, plotted as a function of r. Reproduced
from Shibata, K., Kovács, A., Kiselev, N.S., Kanazawa, N., Dunin-Borkowski, R.E., Tokura, Y.,
2017. Temperature and magnetic field dependence of the internal and lattice structures of skyrmions by off-axis electron holography. Phys. Rev. Lett. 118, 087202.

normalization factor Df on T. The decrease in Df with increasing T is attributed to a decrease in effective magnetic moment due to thermal fluctuations.
Fig. 35E shows normalized profiles of f(r) plotted for different values of Bext
at 200K. In contrast to the absence of a T-dependence, the f(r) profiles vary
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with Bext. The spatial distribution of the direction of m(r) was used to interpret
the magnetic configurations from the f(r) curves. On the assumption that the
thickness t of the specimen and the MIP are uniform in the sample and that
there are no strong effects of local variations in dynamical diffraction or magnetic fringing fields, rf is proportional to the projected in-plane magnetic
induction B, which is assumed here, to a first approximation, to be proportional to the projected in-plane magnetization (Dunin-Borkowski et al.,
1998b). In the present coordinate system, it can be assumed that the relation
rfðrÞ ¼  etħ BðrÞ  ðez Þ holds and, in particular, that the use of the relaet
tion ∂f
∂r ¼ er  rfðrÞ ¼ ħ BðrÞ  e’ ∝tmðrÞ  e’ ðrÞ along the radial (r) direction
is valid. Assuming a fixed magnetization amplitude M ¼ jmj and a fixed
Bloch-type magnetic helicity (Nagaosa and Tokura, 2013) in FeGe (Uchida
et al., 2008; Yu et al., 2011), it is possible to describe m(r) in the form
m ¼ Mð sin ycos ’, sin ysin ’, cos yÞ, where y(r) is the spin rotation angle,
as defined in Fig. 35B. y(r) is then given by the expression
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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where the sign of sgn(m(r) ez) is 1 ( 1) when r > r0 (< r0) and
the maximum value of
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∂r

∂f
∂r

is
max

at r ¼ r0. Fig. 35D and F shows the measured T

and Bext dependence of y plotted as a function of r, derived from Fig. 35C and
E, respectively, using Eq. (16). The value of r at which m has an in-plane
direction (y ¼ p2) becomes smaller with increasing applied magnetic field. This
behavior can be understood in terms of an increasing component of m(r) parallel to Bext at large values due to a gain in Zeeman energy. The interskyrmion
distance aSk, which is twice the value of r at which y ¼ p, is approximately
80 nm and is unaffected by Bext, as shown in Fig. 35F. The results of this
model have been compared with classical micromagnetic calculations (Shibata
et al., 2017) for an isotropic chiral magnet. A normalized f  r profile
R 2p R r
fðrÞ ¼ ð2prÞ1 ’¼0 r0 ¼0 mðr0 ,’Þ  e’ dr0 d’ and a calculated y  r profile
R 2p
yðrÞ ¼ ð2prÞ1 ’¼0 cos 1 ðmðr,’Þ  ez Þd’ are shown in Fig. 35H and I, respectively, and provide a qualitative fit to the data obtained from the f maps.
The design of the objective lens in an FEI (ThermoFisher) Titan TEM
allows both the strength and the direction of the magnetic field that is applied
to a sample in the electron microscope to be controlled. The range of applied
field is not symmetrical, as the negative (or down) direction only reaches a
value of approximately 200 mT. Nevertheless, this range is sufficient to
transform a SkL state in B20-type FeGe. The applied magnetic field Bext
direction is defined in Fig. 31B, with the skyrmion core pointing downward
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FIG. 36 Off-axis electron holography of the transformation of a skyrmion lattice in FeGe upon
changing the direction of the externally applied out-of-plane magnetic field at 240 K. The magnetic field strength is indicated as an inset in each frame. + values represent the ⊙ direction of
the applied magnetic field (unpublished results).

magnetically, the edge upward and a handedness that is counterclockwise.
Fig. 36 shows magnetic phase images recorded from FeGe at 240 K. A SkL
is generated by field cooling of the samples across TC in the presence of a
100 mT out-of-plane magnetic field. The applied magnetic field was decreased
gradually by changing the objective lens excitation using the free lens control
of the electron microscope. At an applied magnetic field of +32 mT, the SkL
was destroyed and a helical structure emerged at the expense of skyrmions.
As the strength of the magnetic field was further increased in the opposite
direction, the helical structure transformed abruptly into a SkL at a field of
95 mT, with the magnetization of each skyrmion now rotating in a clockwise
direction. The reverse process involved the same steps, with the SkL transforming to a helical structure and then to a SkL in a quick transition. It should be
noted that this process is strongly temperature-dependent.

6.4 Skyrmion Formation at Lattice Defects and Grain
Boundaries
In analogy to atoms in a crystal lattice, particle-like skyrmions are expected to
form not only perfect two-dimensional lattices but also lattices that contain
defects such as dislocations and grain boundaries. It is of interest to establish
how such anomalies affect magnetic skyrmion shape, magnetic state
(Matsumoto et al., 2016a,b) and dynamics (Nagao et al., 2015; P€ollath
et al., 2017; Zhang et al., 2016b). In this regard, DPC imaging and Lorentz
TEM studies have provided important insight into the restructuring of skyrmion defects.
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FIG. 37 Off-axis electron holography of the spin texture of magnetic skyrmion dislocations in
FeGe. (A) and (C) Magnetic phase images recorded using off-axis electron holography. (B) and
(D) Projected in-plane magnetization corresponding to the areas shown in panels (A) and (C),
obtained using model-based iterative reconstruction. (E) and (F) Experimentally measured values
of semiaxes a and b and ellipticity determined from the numbered skyrmions in (B) and (F),
respectively. Reproduced from Li, Z.-A., Zheng, F., Tavabi, A.H., Caron, J., Jin, C., Du, H.,
Kovács, A., Tian, M., Farle, M., Dunin-Borkowski, R.E., 2017. Magnetic skyrmion formation at
lattice defects and grain boundaries studied by quantitative off-axis electron holography. Nano
Lett. 17, 1395–1401.

A skyrmion lattice in a thin film of a B20 material can usually be created
by field cooling the sample through the critical temperature. However, some
disorder can be introduced into the lattice by changing the cooling conditions.
For example, by increasing the cooling rate to 10 K min1 from 1 K min1 in
the presence of a 100 mT applied magnetic field, lattice imperfections were
observed in a thin film of FeGe (Li et al., 2017). Fig. 37 shows the spin
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textures of skyrmions both in a perfect lattice arrangement and in the presence
of a dislocation. In this study, experimental magnetic phase images of skyrmions were further analyzed using the MBIR algorithm described above, in
order to determine the projected in-plane magnetization. Fig. 37B and D
shows magnified versions of regions of interest in the magnetic phase
images, in which only one-fifth of the reconstructed spins are plotted. The
reconstructed spin texture in the dislocation core region reveals that the skyrmion diameter in the core is approximately 30% larger than that of a regular
skyrmion ( 80 nm) and that the neighboring skyrmions exhibit elliptical distortions. In contrast, well-ordered skyrmions have regular sizes and circular
morphologies (Fig. 37D). The deformation of each skyrmion can be estimated
by fitting an elliptical shape with semiaxes a and b to its contrast in the magnetic phase image obtained using off-axis electron holography. The ellipticity
is defined by the ratio f ¼ a/b, which takes a value of unity when the skyrmion
is circular. The experimentally determined values of the semiaxes and ellipticity are plotted in Fig. 37E and F for the imperfect and perfect lattices, respectively. This example reveals the flexibility of Bloch-type skyrmions in FeGe.
In a B20-type crystallographic structure, the magnetic chirality of a Blochtype skyrmion depends on the crystallographic orientation. In a perfect single
crystal, the formation of skyrmions with the same handedness is favored.
However, in a polycrystalline sample local changes in the orientations of
the grains may lead to skyrmions forming with different chiralities in different
grains.
Fig. 38 shows results obtained using Lorentz TEM and off-axis EH from
FeGe samples that contain crystallographic grain boundaries. In the first
example (Fig. 38A), two neighboring grains have [111] and [013] crystallographic orientations (Li et al., 2017). In the second example (Fig. 38B), two
neighboring grains have the same [001] orientation, with a small in-plane
rotation (15 degrees). Fresnel defocus images show a reversal in the contrast
of skyrmions across the grain boundary in the sample that contains different
grain orientations. In contrast, a perfect lattice is observed across the grain
boundary in the sample that contains similar grain orientations. Fig. 38C–F
shows further analysis of the same boundaries carried out using off-axis electron and MBIR. Magnetic phase images are consistent with changes in the
sense of skyrmion spin rotation across the first grain boundary, as well as with
the presence of a stripe of in-plane magnetization along the grain boundary
itself (Fig. 38C). The width of the stripe is 65 nm. The analysis carried
out using MBIR shows the direction and magnitude of the local projected
in-plane magnetization. Although the underlying structural grain boundary is
atomically sharp, the skyrmion domain boundary is characterized by a spin
stripe, whose width is similar to the characteristic chiral length LD (70 nm).
At the second grain boundary, the skyrmions in the two grains have identical
senses of rotation and there is no stripe-like spin structure (Fig. 38E and F).
The degree of misorientation of the grains is a factor that should not be

FIG. 38 Lorentz TEM and off-axis electron holography of skyrmions at crystallographic grain boundaries in FeGe. (A) and (B) Fresnel defocus images of focused ion
beam milled lamellae of FeGe containing crystallographic grain boundaries recorded at 220 K in the presence of a 100 mT out-of-plane magnetic field. The rectanglesmark regions that were studied further using off-axis electron holography. (C) and (E) Magnetic induction maps (color-contour composite images) derived from magnetic phase images recorded using off-axis electron holography. The phase contour lines have a spacing of 2p/100 radians. The dashed lines mark the positions of
crystallographic grain boundaries. The crystallographic orientation of the FeGe changes more substantially across the grain boundary in (C) than across the grain boundary in (E). (See text for details.) (D) and (F) Projected in-plane magnetization maps generated from regions of the magnetic phase images at the positions of the grain
boundaries. Reproduced from Li, Z.-A., Zheng, F., Tavabi, A.H., Caron, J., Jin, C., Du, H., Kovács, A., Tian, M., Farle, M., Dunin-Borkowski, R.E., 2017. Magnetic
skyrmion formation at lattice defects and grain boundaries studied by quantitative off-axis electron holography. Nano Lett. 17, 1395–1401.
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underestimated, since misorientation values of approximately 30 degrees can
result in the formation of complex magnetic skyrmion structures and defects
(Matsumoto et al., 2016b).

6.5 Stacked Spin Spiral States
It has been shown both experimentally (Yu et al., 2011) and theoretically
(Rybakov et al., 2013, 2016) that the range of out-of-plane magnetic fields
over which skyrmions form as the ground state depends on sample thickness.
Fig. 39A shows a phase diagram of magnetic states calculated for a thin film of
a chiral magnet (Rybakov et al., 2016). In a slightly thicker film, the formation
of a stacked spin spiral (StSS) state is proposed, as shown in Fig. 39B. The StSS
state represents the coexistence of a conical phase in the bulk and a quasihelical modulation of the magnetization in the vicinity of the sample surface.
Surface-induced modulations have a finite penetration depth and appear on
both the top and the bottom surface of the sample. Fig. 39C shows experimental
evidence for the formation of a StSS state in B20-type FeGe. Off-axis EH was
performed at 200 K by varying the out-of-plane magnetic field strength. At a
decreasing magnetic field of 60 mT, at which a transition from a mixed skyrmion/helical structure should occur, an additional weak and large periodicity
of approximately 180 nm is observed. The weak magnetic phase shift suggests
a low penetration depth into the volume of the specimen. The large periodicity
agrees well with the theoretical model, confirming the formation of a StSS
state. The image shown in Fig. 39C was recorded at the transition point
between the stacked spiral and the helical (or helicoid) structure, at which the
two structures coexist.
Experimental studies of StSS states using TEM techniques are challenging, as a result of the large values of sample thickness that are required for
their formation. Further measurements are required to obtain more information about the physical properties of StSS states in chiral magnets.

6.6 Control of Morphology and Formation of Skyrmions in
Confined Geometries
The ability to controllably manipulate magnetic skyrmions in nanostructured
materials is a prerequisite for incorporating them into spintronic devices, in
which skyrmions are constrained to move along well-defined tracks. In
Sections 6.1 and 6.3, the formation of two-dimensional arrangements of skyrmions as a function of temperature and applied magnetic field in TEM specimens with relatively large surface areas was discussed. In this section,
skyrmion formation and manipulation in confined geometries are discussed.
Variations in specimen shape and thickness are achieved by using controlled
focused ion beam milling of a B20-type FeGe single crystal.
Fig. 40 shows a bright-field TEM image of a wedge-shaped nanostripe of
FeGe and corresponding magnetic induction maps recorded using off-axis EH

FIG. 39 Surface stacked spirals in thin films of chiral magnets. (A) Phase diagram of magnetic
states, shown in reduced units of film thickness and applied out-of-plane magnetic field.
(B) Magnetization distribution of a stacked spin spiral state with the magnetization in the yz- and
xz-planes. kc indicates the propagation directions of the complex spin spirals on the top and bottom
surfaces, respectively. For the given thickness, kt and kb are antiparallel and orthogonal to kc. (C) and
(D) Magnetic phase image and magnetic induction map recorded using off-axis electron holography
at 200 K (see text for details). Panels (A) and (B): Reproduced from Rybakov, F.N., Borisov, A.B.,
Bl€
ugel, S., Kiselev, N.S., 2016. New spiral state and skyrmion lattice in 3D model of chiral magnets.
New J. Phys 18 (4), 045002; Panels (C) and (D): Unpublished results.
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FIG. 40 Helical and skyrmion magnetic states in a wedge-shaped FeGe nanostripe. (A) and
(E) Bright-field TEM images of the nanostripe embedded in a Pt-C protective layer. The white
frames mark the regions that were analyzed using off-axis electron holography in (B)–(D) and
(F)–(K), respectively. (B) Magnetic induction map of a helical structure recorded at 220 K in zero
field using off-axis electron holography. (C) and (D) Magnetic induction maps of chains of skyrmions, which form upon increasing the out-of-plane magnetic field. The white arrows at the edges
of the nanostripe mark a magnetic edge state and its local direction. (F)–(K) Magnetic induction
maps recorded at 95 K in the presence of different out-of-plane magnetic fields. The vectors k
are the propagation vectors of the magnetic helix in zero field (see text for details). The scale bars
in (B) and (F) are 150 nm. Reproduced from Jin, C., Li, Z.A., Kovács, A., Caron, J., Zheng, F.,
€
Rybakov, F.N., Kiselev, N.S., Du, H., Blugel,
S., Tian, M., Zhang, Y., Farle, M., Dunin-Borkowski,
R.E., 2017a. Control of morphology and formation of highly geometrically confined magnetic
skyrmions. Nat. Commun. 8, 15569.

at reduced temperatures in the presence of out-of-plane magnetic fields (Jin
et al., 2017). The nanostripe was prepared using a lift-out method in a dual
beam focused ion beam system with a thickness of 110 nm, a length of
2.6 mm and a width that varied linearly from 10 to 180 nm. When the
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sample was zero-field-cooled from room temperature to 220 K, it was found
to contain a complicated magnetic ground state comprising a mixture of regular, curved and vortex-like magnetic helices (Fig. 40B). In the presence of an
out-of-plane magnetic field, a single skyrmion chain was observed (Fig. 40C).
Interestingly, the skyrmions adopted a sequence of compressed, regular and
stretched morphologies with increasing nanostripe width. The distortions
become less pronounced when the applied magnetic field is increased. The
magnetic states can be observed at the very edges of the nanostripe,
providing an opportunity to observe theoretically predicted twisted edge
states (Du et al., 2013a). Notably, the skyrmion state is always accompanied
by a complete chiral edge twist, which is observed in the magnetic induction
maps and characterized by a single-twist rotation of the magnetization and
nearly in-plane spins around the edge of the nanostripe (Fig. 40C and D).
Theoretical analysis (Beg et al., 2015; Du et al., 2013a; Rohart and
Thiaville, 2013) shows that such an edge spin configuration preserves the
magnetic chirality of the spin structure around the edge of the sample and
has been anticipated to play a key role in current-induced skyrmion motion
in nanostripes.
The observed elliptically distorted skyrmions persist to lower temperature,
as shown in Fig. 40F–K. However, their formation process is then different.
After applying the same zero-field-cooling procedure to 95 K, the nanostripe
is found to contain a mixed helical state, whose vector k is parallel and perpendicular to its long axis in the narrower and wider part of the nanostripe,
respectively (Fig. 40F). Upon increasing the out-of-plane magnetic field, the
helices transform into a single skyrmion chain only in the region where k is
parallel to the long axis of the nanostripe (Fig. 40G). The helix-to-skyrmion
transformation then has a precise one-to-one correspondence, with each helix
corresponding to a single skyrmion, as indicated by the curved dotted white
lines in Fig. 40F–H. In higher out-of-plane magnetic fields, the number of
skyrmions remains unchanged and they show a similar behavior to that at
220 K, with a reduced size and ellipticity. Furthermore, by applying a cyclical
magnetization process at 220 K and then cooling the nanostripe to 95 K in
zero field, the helical state could be controlled to ensure that the direction
of the vector k was aligned with the long axis of the nanostripe (Fig. 40I).
In the presence of an applied out-of-plane magnetic field, a one-to-one
helix-to-skyrmion transition was again observed (Fig. 40I–K).
Fig. 41A shows a selection of experimental phase images of skyrmions in
the nanostripe recorded at 220 K and 148 mT. The deformation of each skyrmion was estimated by fitting elliptical shapes with semiaxes a and b to
the images. The resulting measurements are plotted in the figure as a function
of the position-dependent nanostripe width. The semiaxis a is observed to
exhibit a nonmonotonic dependence on nanostripe width, while the semiaxis
b increases continuously with nanostripe width and is almost twice as large
in the wider part of the wedge than in the narrower part. The skyrmions are
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FIG. 41 (A) Experimental magnetic phase shift maps of skyrmions formed at different widths
of the nanostripe, Wy . The a and b semiaxes are plotted as a function of the position-dependent
width along the wedge-shaped nanostripe. The inset shows the experimentally measured ellipticity
(solid dots) displayed together with theoretical predictions made by micromagnetic calculations.
(B) Width-field magnetic phase diagram of equilibrium magnetic states calculated for an infinitely
long FeGe stripe of width Wy and fixed thickness L ¼ 110 nm in an applied field H. The phase diagram is extended to an infinite film of corresponding thickness. The filled circles represent points
obtained from theoretical calculations. Above a certain magnetic field (marked by empty dots)
and assuming a fixed skyrmions density, the skyrmions become circular over a range of nanostripe
widths, as marked by the dashed region. PSKL is the period of the skyrmion lattice. Reproduced from
€
Jin, C., Li, Z.A., Kovács, A., Caron, J., Zheng, F., Rybakov, F.N., Kiselev, N.S., Du, H., Blugel,
S.,
Tian, M., Zhang, Y., Farle, M., Dunin-Borkowski, R.E., 2017a. Control of morphology and formation of highly geometrically confined magnetic skyrmions. Nat. Commun. 8, 15569.

therefore inferred to have flexible shape transformation properties. Recently,
large anisotropic deformation of skyrmions was induced by taking advantage
of the different thermal expansions of FeGe and Si (Shibata et al., 2015). It
was shown that a strain as small as 0.3% induces large deformations in the
skyrmion lattice.
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Based on the experimental observations of an B20-type FeGe nanostripe
described above (Fig. 40) and atomistic simulations (Jin et al., 2017), a
width-field magnetic phase diagram was constructed, as shown in Fig. 41B.
At low values of applied out-of-plane magnetic field, a distorted helical spin
spiral appears. It then transforms into a pure edge twist, a single skyrmion
chain or a zigzag skyrmion chain, depending on the width of the nanostripe.
The limiting range of widths, within which a single skyrmion chain can be
supported, is between 79 and 140 nm. For nanostripe widths smaller than
79 nm, no complete skyrmions survive, while for nanostripe widths above
140 nm either a single skyrmion chain or a zigzag skyrmion chain forms,
depending on the applied magnetic field. The appearance of a zigzag structure reflects the tendency of interacting skyrmions to condense into a hexagonal lattice.
The width-field phase diagram shown in Fig. 41B is based on the application of state-of-the-art off-axis EH and theoretical calculations. It is noteworthy that such experimental results could not have been obtained using other
methods, such as small-angle neutron scattering.

6.7 Multiple Spin Rotation States in Bloch-Type Skyrmions
The magnetization in a Bloch-type skyrmion is rotationally symmetrical,
forming a p-cycle from its center to its edge, as discussed in Section 6.3.
The chiral character of the DMI interaction imposes restrictions on the boundary conditions. In particular, the spin rotation angle may be written y(0) ¼ kp,
yð∞Þ ¼ 0, with k integer > 0 (Bogdanov and Hubert, 1994, 1999). Such a
solution represents a localized skyrmion with an additional single or more
ring-shaped structures around it. The simplest structure is a 2p vortex, which
is occasionally observed in a thin B20-FeGe sample. Fig. 42A shows an

FIG. 42 A 2p skyrmion structure in a B20-type FeGe thin film observed using off-axis electron
holography. (A) Experimental magnetic phase image measured using off-axis electron holography. (B) Projected in-plane magnetization reconstructed from the area marked in (A). The local
in-plane magnetic field direction is marked (unpublished results).
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experimental magnetic phase image of a 2p skyrmion in a matrix of skyrmions recorded using off-axis EH. The reconstructed in-plane magnetization
distribution shown in Fig. 42B reveals a counterclockwise rotation of the
magnetization in the matrix of skyrmions, but a clockwise rotation of the skyrmion with the 2p structure. This arrangement was found to be very sensitive
to variations in the applied magnetic field. Nevertheless, theory (Beg et al.,
2015; Charilaou and L€
offler, 2017; Du et al., 2013b) predicts that 2p or target
skyrmions can form in disk-shaped samples and can be stable in the absence
of an external magnetic field, as the magnetostatic energy prefers a fluxclosed state. The experimental observation (Zheng et al., 2017b) of target skyrmions using off-axis electron holography is now described.
A disk-shaped nanostructure of FeGe is predicted to support a central skyrmion surrounded by one or more concentric helical stripes, which can be
regarded as a curved spin helical state (Bogdanov and Hubert, 1999; Du
et al., 2013b), as shown in Fig. 43A. From the center to its boundary, the
out-of-plane component of the magnetic moment rotates by an angle of f that
is larger than the value of p for a typical skyrmion. The ratio f/p can be used
to characterize the number of half-helical periods along any radial direction.
As a result of the boundary confinement, the outermost spin helix is regarded
as an edge twist (see Section 6.6) and may correspond to an irrational fraction
of a period. The value of f is therefore not necessarily an integer multiple of p.
The topological charge of a target skyrmion is given by the expression
Y ¼ pð1  cospÞ=2:

(17)

The out-of-plane magnetization at the center of a target skyrmion can be
defined by its polarity p, while the rotational sense of its in-plane magnetization
can be labeled c. The polarity can point either up (p ¼ +1) or down (p ¼ 1),
while the in-plane magnetization can rotate either clockwise (c ¼ +1) or counterclockwise (c ¼ 1). As a result of the fixed handedness and sign of the
DMI, c is determined uniquely once p has been defined. In zero magnetic field,
two degenerate configurations with opposite magnetization are possible
(Fig. 43A), as a result of the quadratic nature of the Heisenberg interaction
and the DMI.
Fig. 43B shows the steps that were used to prepare a disk-shaped nanostructure from a bulk crystal of B20-type FeGe, alongside magnetic induction
maps recorded using off-axis EH. The fabrication of the nanodisk, which
has a diameter d of 160 nm and a thickness t of 90 nm, involved using a
lift-out method based on focused ion beam milling. Fig. 43C shows representative magnetic induction maps of the nanodisk recorded at 95 K after zerofield cooling. The projected in-plane magnetic induction shows a circularity
of c ¼ 1 with an edge twist for which c ¼ +1. The polarity cannot be
measured directly from such phase images, but can be inferred from the
field-driven evolution. This state is labeled Type 1. The same annealing procedure can be used to form a magnetic state in which the central skyrmion
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FIG. 43 (A) Magnetization configurations of target skyrmions of different polarity (see text for
details). (B) Secondary electron image and schematic illustration of the fabrication of an FeGe
nanodisk using focused ion beam milling. The inset in (B) shows a TEM image of the nanodisk.
(C) Color-coded magnetic induction maps of the spin texture in the nanodisk for opposite polarities
of the spin state. Adapted from Zheng, F., Li, H., Wang, S., Song, D., Jin, C., Wei, W., Kovács, A.,
Zang, J., Tian, M., Zhang, Y., Du, H., Dunin-Borkowski, R.E., 2017. Direct imaging of a zero-field
target skyrmion and its polarity switch in a chiral magnetic nanodisk. Phys. Rev. Lett. 119, 197205.

corresponds to c ¼ +1. This state is labeled Type 2. The experimental reconstruction of the magnetic field directions for target skyrmions in Fig. 43C
shows a good match to the calculated in-plane components of magnetization
in Fig. 43A.
The application of an out-of-plane magnetic field can be used to switch
between the two degenerate target skyrmion states. Fig. 44 shows color-coded
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FIG. 44 Magnetic induction maps of target skyrmions in an FeGe nanodisk recorded using offaxis electron holography in the presence of different applied out-of-plane magnetic fields.
(A) Target skyrmion of Type 1 with p ¼ 1. The circularity and polarity persist during the entire
magnetization process. (B) Target skyrmion of Type 2 with p ¼ +1. In the presence of an intermediate applied out-of-plane magnetic field, a new half-period curved spin helix forms between
the central skyrmion and the edge twist (panel (B); B ¼ 134, 167, and 200 mT). At a higher value
of applied out-of-plane magnetic field, the target skyrmion evolves to the other type (panel (B);
B ¼ 233 and 267 mT). The thick white arrows show the direction of rotation of the projected
in-plane magnetic induction. Adapted from Zheng, F., Li, H., Wang, S., Song, D., Jin, C.,
Wei, W., Kovács, A., Zang, J., Tian, M., Zhang, Y., Du, H., Dunin-Borkowski, R.E., 2017. Direct
imaging of a zero-field target skyrmion and its polarity switch in a chiral magnetic nanodisk.
Phys. Rev. Lett. 119, 197205.

magnetic induction maps of Type 1 and Type 2 target skyrmions displayed as a
function of applied magnetic field. For a Type 1 target skyrmion, an increase in
applied field shrinks the central skyrmion, while both c and p are unchanged
during the magnetization process, until a saturated magnetic state is reached.
This observation is in agreement with the conventional field-driven evolution
of skyrmions in a two-dimensional thin film (see Section 6.3). The real-space
observation of skyrmions using off-axis EH allows the size dependence of
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the skyrmion in the nanodisk to be measured. The size of the skyrmion is found
to have a nonmonotonic dependence on applied magnetic field and to have a
maximum value of 110 nm at B 134 mT. This value is almost 1.5 times larger
than the dimension of a skyrmion in a SkL.
A different process is observed for a Type 2 target skyrmion, as shown in
the form of experimental observations in Fig. 44B. At a relatively low value
of applied out-of-plane magnetic field (<67 mT), the size of the central skyrmion decreases, while that of the edge twist increases. Above a threshold
value of B, expansion of the edge twist cannot be sustained and it splits into
a half-period spin helix and a new edge twist. Without considering the new
edge twist, the newly formed spin structure is referred to as a 2p vortex,
because the rotation angle f from the center to the edge is exactly 2p. The circularity c ¼ 1 in the new half-period helix is opposite to that of the central
skyrmion, while for the new edge twist c ¼ +1, as shown in Fig. 44
(B, 134 mT). When the external field exceeds 200 mT, the central skyrmion
shrinks and ultimately disappears. At the same time, the half-period circular
helix takes over and evolves into a new skyrmion by collapsing its inner ring
to a single point (Fig. 44 (B, 200 mT)). The circularity of the newly formed
central skyrmion is c ¼ 1, which follows the initial circular edge twist at
zero magnetic field, but is opposite to that of the initial target skyrmion, as
well as having opposite polarity. Once the polarity reversal of the target skyrmion has been achieved, a decrease in the applied magnetic field does not
change the polarity again.
These experimental and numerical simulation results (Zheng et al., 2017b)
confirm that two factors stabilize a zero-field target skyrmion, whose size is
essentially determined by the DMI and ferromagnetic coupling. Off-axis EH
confirms that the size of the skyrmion is tunable from hundreds to tens of nm.

6.8 The Chiral Bobber—A New Particle-Like State in Chiral
Magnets
Theoretical calculations (Rybakov et al., 2015) predict that the presence of
natural geometrical confinement and free boundaries in chiral magnets can
be responsible for the stabilization of a new type of particle-like object, which
has been named the chiral bobber (ChB). Such a hybrid particle has a smooth
paraboloidal magnetization vector field and a magnetic singularity (i.e., a
Bloch point). In a cross section generated parallel to the sample surface, its
spin structure mimics the magnetization distribution of a Bloch-type skyrmion, but with a diameter that decreases with distance from the sample surface. Fig. 45A shows the spin structure of a chiral bobber. The penetration
depth P scales with the equilibrium period of the helices P LD/2. As a result
of its nontrivial spin texture and compact size, the ChB is of interest for both
fundamental research and possible practical applications in skyrmion-based
racetrack memories (Fert et al., 2013). The use of both skyrmions and ChBs
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FIG. 45 (A) Schematic representation of spin structures of a Bloch-type skyrmion and a chiral
bobber in the presence of an applied out-of-plane magnetic field Bext. (B) Experimental magnetic
phase image of a skyrmion and a chiral bobber (marked by an arrow) in B20-type FeGe measured
using off-axis electron holography at 95 K in the presence of a 300 mT applied out-of-plane magnetic field. (C) Experimental magnetic phase image of two Bloch-type skyrmions and a chiral
bobber. (D) and (E) Micromagnetic simulations performed for an out-of-plane magnetic field of
300 mT. Adapted from Zheng, F., Rybakov, F.N., Borisov, A.B., Song, D., Wang, S., Li, Z.-A.,
€
Du, H., Kiselev, N.S., Caron, J., Kovács, A., Tian, M., Zhang, Y., Blugel,
S., Dunin-Borkowski,
R.E., 2018. Experimental observation of chiral magnetic bobbers in B20-type FeGe. Nat. Nanotechnol. 13 (6), 451–455.

in a magnetic nanostripe then promises to allow information to be coded in
the form of “1” and “0” states.
A ChB was first experimentally observed in thin plates of B20-type FeGe
using off-axis EH. A quantitative comparison of experimentally measured and
theoretically predicted phase differences D’ allows skyrmions and ChBs to
be distinguished unambiguously. The object that displays weaker contrast
in Fig. 45B is a ChB. It typically forms at a certain value of specimen thickness ( 1.6 LD). Fig. 45C–E shows an experimental phase image and a
corresponding micromagnetic simulation of two skyrmions and a ChB in a
specimen of fixed thickness 175 nm at 95 K in the presence of a 300 mT
out-of-plane magnetic field. Micromagnetic simulations predict an abrupt
shrinkage of ChBs between 375 and 400 mT. They are then expected to collapse in the presence of very small field perturbations.
Although the formation of ChBs in FeGe thin plates by field cooling
through the critical temperature and magnetic field saturation is reproducible,
the nucleation of each ChB corresponds to a metastable state and is a rare
event. Micromagnetic simulations suggest that a more reliable approach for
their nucleation is from edge dislocation defects in a helical spin spiral in
the presence of a tilted applied magnetic field. At a certain value of Bext, a
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Bloch point penetrates from the surface to a certain depth in the volume of the
sample. This state only remains stable over a narrow range of values of Bext
and then transforms to a complete ChB on further increasing the applied field.
This procedure has proved to be successful for creating ChBs in FeGe in
recent off-axis electron holography experiments (Zheng et al., 2018).

6.9 Quantitative In-Plane Magnetization Measurements of
Skyrmions
In Sections 6.4 and 6.6, variations in the morphologies of Bloch-type skyrmions at defects and in confined geometries were discussed. We now consider
the shape variation of skyrmions in a lattice arrangement and single individual
skyrmions by examining the projected in-plane magnetization Mxy calculated
using the MBIR technique described in Section 2.3. Such measurements of projected in-plane magnetization allow local variations in skyrmion shape with
applied magnetic field, as well as the magnetic texture in interskyrmion
regions, to be determined quantitatively (Kovács et al., 2017).
Field cooling of a thin plate of B20-type FeGe through the critical temperature in the presence of a small applied out-of-plane magnetic field results in
the formation of a skyrmion lattice with a hexagonal distribution, as shown in
Figs. 31, 33, 34, and 36. It is expected that the skyrmion shape adapts to the
dense lattice arrangement and departs from a circular geometry. A detailed
analysis of phase images (Shibata et al., 2017) and differential phase contrast
images (McGrouther et al., 2016) suggests that a Bloch-type skyrmion in a
lattice adopts a hexagonal shape. Fig. 46 shows a detailed analysis of individual skyrmions both from a SkL and from a random distribution that formed
during magnetic saturation of the sample. Magnetic induction maps are shown
in the form of contours and colors generated from the phase images. The projected in-plane magnetization Mxy and a vector map Mxy were determined
from the magnetic phase images fM using MBIR. The enlarged map of Mxy
shown in Fig. 46 confirms the hexagonal shape of a skyrmion in a SkL in a
100 mT applied field and a circular shape in a 400 mT applied field. The
measured saturation magnetization is approximately 100 kA m1 at 200 K,
which is only slightly lower than the expected value of 384 kA m1 at
0 K after scaling to 200 K. The experimental measurement of the magnetization should consider the surface chiral twist of the spin structure of each
skyrmion, the presence of a nonmagnetic surface layer resulting from specimen preparation and possible inaccuracy in the determination of the specimen thickness. Precise measurements allow the skyrmion core size to be
determined as a function of applied magnetic field. As the magnetic field
is increased, the skyrmion core size in FeGe decreases from 13.3 nm in
a SkL to 9.5 nm in individual skyrmions, in agreement with theoretical
predictions (R€
oßler et al., 2011) and previous experimental observations
(McGrouther et al., 2016).
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FIG. 46 Determination of the magnetic properties of individual skyrmions from off-axis electron holograms recorded in the presence of applied out-of-plane magnetic fields of 100 and
400 mT. The column labeled fM shows experimental magnetic phase images recorded using
off-axis electron holography. The next column shows magnetic induction (color-contour) maps
determined from the magnetic phase images (the contour spacing is 2p/64 ¼ 0.098 rad). The column labeled Mxy shows the magnitude of the projected in-plane magnetization determined from
fM using a model-based iterative reconstruction algorithm. The column labeled Mxy shows
color-coded vector maps of the projected in-plane magnetization. Mxy is displayed in units of
kA m1. Adapted from Kovács, A., Caron, J., Savchenko, A.S., Kiselev, N.S., Shibata, K., Li,
Z.-A., Kanazawa, N., Tokura, Y., Blugel,
€
S., Dunin-Borkowski, R.E., 2017. Mapping the magnetization fine structure of a lattice of Bloch-type skyrmions in an FeGe thin film. Appl. Phys. Lett.
111 (19), 192410.

Magnetic imaging using off-axis EH makes it possible to study the details
of the magnetization distribution in interskyrmion regions (Fig. 47). The magnitude of the projected in-plane magnetization and a corresponding vector
map, which are shown in Fig. 47, reveal unexpected peaks between neighboring skyrmions in an interskyrmion region (Fig. 47C and D). The experimental
magnetization measurements were compared with a classical micromagnetic
model for an isotropic chiral magnet that includes the Heisenberg exchange
interaction, the DMI, the interaction with the applied field (the Zeeman term)
and the interaction with the demagnetizing field (Kovács et al., 2017). The
simulations were performed using the MuMax3 software package. In order
to achieve a correct description of the demagnetizing field, periodic boundary
conditions with repetitions of the simulated domain in the x and y directions
were used. Values for the micromagnetic exchange stiffness A of 8.78 pJ
m1 and for the DMI constant D of 1.576 mJ m2 were chosen, in order to
fit the experimentally measured value of the equilibrium period of the helical
spin spiral of 70 nm in FeGe. The equilibrium period of the hexagonal unit
cell of the SkL, which corresponds to the lowest energy density, was found
by direct energy minimization using the method of conjugate gradients implemented in MuMax3. Fig. 47E and F shows the simulated magnetization

FIG. 47 Magnetization fine structure of an interskyrmion region in FeGe measured using off-axis electron holography. (A) Magnitude and (B) Vector map of the
projected in-plane magnetization distribution in a skyrmion lattice in FeGe. The blue and red lines in (A) mark the positions of the linescans of measured in-plane
magnetization plotted in (C) and (D), respectively. Maxima in (A) and (D) are marked by small arrows. (E) Magnetization in a simulated domain calculated using
micromagnetic simulations. (F) Averaged magnetization projected onto the xy plane. (F) and (G) Magnetization along the red and blue lines marked in (F), respec€
tively. Adapted from Kovács, A., Caron, J., Savchenko, A.S., Kiselev, N.S., Shibata, K., Li, Z.-A., Kanazawa, N., Tokura, Y., Blugel,
S., Dunin-Borkowski, R.E.,
2017. Mapping the magnetization fine structure of a lattice of bloch-type skyrmions in an FeGe thin film. Appl. Phys. Lett. 111 (19), 192410.
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distribution in the hexagonal unit cell and the projected magnetization averaged through the film thickness, respectively. Line profiles of the magnetization along the directions marked in Fig. 47F are shown in Fig. 47G and H.
In the profile that joins neighboring skyrmions, the chain of spins exhibits
a Bloch-like domain wall with a fixed right-handed vorticity. Remarkably,
in Fig. 47H the vorticity of the transition region between more distant
skyrmions shows modulations with a left-handed vorticity. A comparison
between the measurements and simulations shows a good match. These
observations can be explained in terms of a competition between different
energy terms, which are associated with a local decrease in energy due to
the DMI, resulting in a reduction in the total energy of the system. The analysis of an interplay between energy terms, supported by a visualization of
the DMI and exchange energy density maps, is discussed by McGrouther
et al. (2016).
Real-space imaging of Bloch-type skyrmions in B20 chiral magnets in
2010 (Yu et al., 2010) using Lorentz TEM (i.e., Fresnel defocus) images
was a major breakthrough in the study of magnetic skyrmions. Since then,
magnetic imaging performed using a combination of Lorentz TEM, off-axis
EH and DPC imaging have played an important role in revealing the properties of Bloch-type skyrmions, Neel-type skyrmions and target skyrmions, as
well as the formation of antiskyrmions and chiral bobbers. Future experimental studies may be focused on the application of external stimuli such as electrical bias, light and controlled magnetic field to the study and control of
skyrmion dynamics in situ in the TEM.

7

CONCLUSIONS AND FUTURE PROSPECTS

In this chapter, selected recent applications of off-axis electron holography
to the measurement of magnetic field distributions in nanoscale magnetic
materials have been reviewed. The unique sensitivity of the electron wave
to magnetic fields and the ability of off-axis electron holography to enable
high-precision magnetic measurements with a spatial resolution that can
approach atomic dimensions have been highlighted. Although the results that
have been presented here are specific to the dimensions and morphologies of
the examples chosen, they illustrate the ways in which the technique can be
adapted to tackle a range of materials problems.
Future developments in off-axis electron holography are likely to include
the development and application of new forms of electron holography and
instrumentation and the application of real-time electron holography to in situ
studies of dynamic processes in magnetic materials in the presence of electrical voltages, magnetic fields and elevated or reduced temperatures. In off-axis
electron holography, temporal resolution is often limited by the performance
of detectors, which can now be pushed to frame rates exceeding a few kHz.
Alternatively, double-exposure electron holography (Migunov et al., 2017)
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can be used to capture phase differences between two states of a system that
have almost any chosen separation in time.
Efforts are required to find new approaches for the measurement of weak
magnetic signals with the highest spatial resolution. Automation of the acquisition of multiple off-axis electron holograms with control of the electron
beam and specimen position are necessary to extend the measurement time
from the currently used minutes to hours or days. Moreover, additional flexibility in the electron beam forming components of the microscope and the
biprism location is required, in order to adapt the field of view for new categories of experiments.
A further challenge is to provide for direct visualization of dynamic effects
induced by variations in magnetic field at the specimen level, in order to
understand dynamic magnetic behavior fully. The use of sophisticated
approaches for applying magnetic fields of arbitrary magnitude and direction
to the sample is currently limited by the available space inside the pole-piece
of the objective lens in the transmission electron microscope. Additional beam
deflector units may then be required to compensate for the deviation of the
electron beam from the optical axis of the lens system by the in-plane components of the applied magnetic field.
The analysis of solid state properties of materials greatly benefits from
comprehensive three-dimensional characterization using tomographic reconstructions of geometry, chemical composition, defect distribution and related
electromagnetic fields (Lubk, 2018). For magnetic materials, the interdependence of the shape, structure, and chemical composition defines the magnetic
field distribution in a nanoscale object. It is of great importance to develop
and optimize the measurement of electrostatic potentials and magnetic fields
both outside and inside nanostructured materials in three dimensions, rather
than only in projection. A key challenge in the development of magnetic vector field tomography is the fact that the magnetic contribution to the phase
shift is relatively small and slowly varying in a nanoscale object, when compared to the mean inner potential contribution to the phase shift. Full reconstruction ideally requires the determination of all three components of the
magnetic vector field from two tilt series, requiring the development of dedicated tomographic TEM specimen holders that allow the acquisition of 360
degrees tilt series around two perpendicular axes with precise knowledge of
the tilt position, as well as new backprojection-based and model-based reconstruction algorithms.
In conclusion, the unique ability of off-axis electron holography to provide
quantitative information about electromagnetic fields in materials with a spatial resolution at the nm or sub-nm scale, in combination with ongoing
improvements in coherent electron sources, direct electron counting digital
recording and computer control of experiments and data analysis, ensure that
the technique will be increasingly important for exploring the fundamentals of
structure-property relationships in magnetic materials.
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Kasama, T., Pósfai, M., Chong, R. K. K., Finlayson, A.P., Buseck, P.R., Frankel, R.B., DuninBorkowski, R.E., 2006. Magnetic properties, microstructure, composition, and morphology
of greigite nanocrystals in magnetotactic bacteria from electron holography and tomography.
Am. Mineral. 91 (8–9), 1216.
Kasama, T., Dunin-Borkowski, R.E., Scheinfein, M.R., Tripp, S.L., Liu, J., Wei, A., 2008. Reversal of flux closure states in cobalt nanoparticle rings with coaxial magnetic pulses. Adv.
Mater. 20 (22), 4248–4252.
Kasama, T., Harrison, R.J., Church, N.S., Nagao, M., Feinberg, J.M., Dunin-Borkowski, R.E.,
2013. Ferrimagnetic/ferroelastic domain interactions in magnetite below the Verwey transition: Part I: electron holography and Lorentz microscopy. Phase Transit. 86, 67.
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