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 A B S T R A C T

The rapid development of spintronic devices brings about the need for more efficient experimental methods to 
explore magnetic domain structures and their response to external fields at the nano- to micrometer scale. Here, 
transmission electron microscopy (TEM) with inline and off-axis electron holography is used to investigate 
with nanometer resolution the magnetic domain and domain wall structures in cementite (Fe3C) carbides 
embedded in thin ferromagnetic steel films. The capabilities of the streamlined inline holography method are 
compared to those of the more resource-demanding off-axis electron holography. Micromagnetic simulations 
are employed to interpret the data analysis. The simulations are used specifically to resolve the internal domain 
wall structure along the film thickness/electron beam direction, which is inaccessible to non-tomographic TEM 
imaging methods. The cementite carbides reveal a peculiar striped magnetic structure with controllable and 
reversible properties under an applied external magnetic field.
. Introduction

Domain wall (DW) dynamics in ferromagnetic materials underpins 
he functionality of magnetic devices in many applications, such as 
agnetic memories, logic devices, and spintronics [1–8], where espe-
ially the so-called racetrack memories have gained attention in the last 
ew years [9–11]. Another field of applications for DW dynamics is the 
on-destructive testing (NDT) method based on magnetic Barkhausen 
oise (MBN), commonly utilized in industry for, e.g., quality control of 
round surfaces [12,13]. The Barkhausen noise signal from the current 
n a small pick-up coil mounted on a material during magnetization 
riginates from the interactions of moving domain walls with material 
efects. These hinder the smooth motion of DWs, producing a seem-
ngly discontinuous increase in magnetization when a time-varying 
xternal magnetic field is applied. The tiny jumps in magnetization 
re read out as noise over the hysteresis curve by the pick-up coil. 
sing nanowires in racetrack memories also requires naturally formed 
r artificially produced defects to control magnetization [9,14] that 
eed to be experimentally characterized. Thus, the development of 
pplications based on both Barkhausen noise and spintronics benefits 
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from the detailed microscopic knowledge electron holography provides 
of domain walls structure and of their response to the applied magnetic 
fields or spin-polarized currents evaluated in different end-user cases.

Magnetic domains and domain walls can be imaged by several 
methods, depending on the required scale and resolution. For ex-
ample: magneto-optic Kerr effect (MOKE) microscopy [15–17], mag-
netic force microscopy (MFM) [9,18,19], spin-polarized scanning tun-
neling microscopy (STM) [20] and transmission electron microscopy 
(TEM) [19,21,22]. TEM, the primary choice in this paper, can quan-
tify local variations in magnetic field down to the nanometer scale 
using phase-sensitive methods such as Lorentz microscopy and electron 
holography.

In Lorentz microscopy, electrons subject to the Lorenz force are 
deflected sideways in opposite directions as they travel through regions 
of opposite magnetization [23]. This creates an observable image con-
trast along the domain walls. Among the family of Lorentz microscopy 
techniques, we select Fresnel imaging for our study. This method entails 
the acquisition of a set of defocused images where domain walls appear 
as bright or dark fringes. Lorentz microscopy can be carried out in-situ 
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Fig. 1. The studied system consists of a cementite particle embedded in ferritic steel film. Various methods are used to characterize the microstructure and 
magnetic structure of the particle. Micromagnetic simulations are used to explain and verify the experimental results and analysis.
by controlling the magnetic flux density on the sample with a small 
excitation of the TEM objective lens.

Quantitative information on the local variations of magnetic induc-
tion and electrostatic potential in and around the sample [24] can be 
extracted from the phase of the electron wave function. In fact, the 
phase modulation of the electron wavefront emerging from the sample, 
called the exit wave, is linked to the electric and magnetic fields present 
as 

𝜙(𝐫) = 𝐶𝐸 ∫𝑧
𝑉 (𝐫, 𝑧)d𝑧 − 𝑒

ℏ ∫𝑧
𝐴𝑧(𝐫, 𝑧)d𝑧, (1)

where 𝐫 = (𝑥, 𝑦) is the position vector in the sample plane, 𝐶𝐸 is 
a constant depending on the acceleration voltage (𝐶𝐸 = 6.53 rad 
μm−1 V−1 at 300 kV), and 𝑉  and 𝐀 are the electrostatic and magnetic 
potentials associated with the fields present within and around the 
sample.

Whereas Fresnel imaging is a phase contrast technique, where the 
observed image intensity variations are related differentially to the 
phase, electron holography (EH) [25] is a phase retrieval technique 
that measures the electron phase directly. The method relies on the 
formation of an interference pattern, the hologram, that carries phase 
information in the form of local fringe bending.

For any electrically unbiased and uncharged material, the electro-
static contribution to the phase shift reflects the average electrostatic 
potential of the atoms along the thickness of the specimen, commonly 
known as the mean inner potential (MIP). The MIP is the electron-
optical equivalent of the refractive index in optics. In this case, Eq. (1) 
can be rewritten as 

𝜙(𝐫) = 𝐶𝐸𝑉MIP𝑡(𝐫) −
𝑒
ℏ ∫𝑧

𝐴𝑧(𝐫, 𝑧)d𝑧. (2)

Off-axis electron holography employs a Möllenstedt biprism (a bi-
ased metallic wire) situated somewhere after the diffraction plane, most 
commonly in the selected area diffraction (SAD) plane. By applying a 
positive bias to the biprism, electrons are converged and, with enough 
coherence of the electron beam, they form an interference pattern. 
The complex valued exit-wave function of the electrons can be recon-
structed from this fringe pattern using a Fast Fourier Transform based 
algorithm [26]. The phase shift is then extracted from the reconstructed 
exit wave to infer the electrostatic and magnetic properties of the 
sample according to Eq. (1).

Alternatively, the phase image can be retrieved by one of the in-
line electron holography techniques: the transport-of-intensity equation 
(TIE) method [27–29]. TIE involves acquiring an in-focus image and 
a symmetric pair of over- and under-focused (Fresnel) images. The 
defocused images are used to approximate the derivative of the image 
intensity in the electron beam direction, which is then used as the 
source term of an inhomogeneous second-order partial differential 
equation involving the in-focus image intensity and the electron-optical 
2 
phase shift referenced to vacuum [28]. Here, we use TIE to accom-
pany and benchmark our holographic measurements. These methods 
provide a microscopic view of the magnetization in real time that can 
be compared to theoretical models. Using different techniques helps 
to compare the method in case of infrastructure resources needed. 
Can other methods be used instead of resource-demanding off-axis 
holography and to which extend to gain similar information?

In parallel, we utilize micromagnetic simulations to support and 
explain the experimental results and analysis. Micromagnetic simula-
tions constitute an accurate numerical description of magnetization 
and its dynamics on the intermediate scale between individual atoms, 
where quantum mechanical treatment is required, and the macroscopic 
scale. The key benefit of the method is its ability to resolve various 
magnetic structures such as domain walls and describe their dynamics. 
Micromagnetic simulations have been performed in the context of nu-
merous applications ranging from nanoscale systems such as spintronics 
memory [9,30] and logic devices [5,31] to modeling the jerky field-
driven motion of larger domain walls (up to a few micrometers in 
length) in disordered ferromagnets [32–34], i.e. the typical mechanism 
producing MBN. Here, we use the MuMax3 code [35], which solves 
the time and space dependent magnetization of a ferromagnetic body 
using a finite-difference discretization. To this end, the code solves 
numerically the Landau–Lifshitz–Gilbert equation [36], 
𝜕𝐦
𝜕𝑡

=
𝛾

1 + 𝛼2
[

𝐦 × 𝐁eff + 𝛼𝐦 × (𝐦 × 𝐁eff )
]

(3)

on a finite-difference grid. Here, 𝐦 is a unit vector pointing in the direc-
tion of the magnetization, 𝛾 is the gyromagnetic ratio, 𝛼 is the Gilbert 
damping constant, and 𝐁eff  is the effective field comprising of ex-
change, anisotropy, demagnetization and Zeeman field terms. Specific 
magnetic materials are modeled by choosing appropriate material-
dependent values for the saturation magnetization 𝑀𝑠, 𝛼, the exchange 
stiffness 𝐴ex, and the various anisotropy constants (uniaxial, cubic, 
etc.) altogether accounting for the diverse phenomenology of magnetic 
states, features, and responses to external stimuli.

Imaging methods and micromagnetic simulations each have their 
own limitations. Not all magnetic features can be visualized by micro-
scopes (e.g. out of plane components). On the other hand, simulations 
cannot always reproduce all the experimentally observed phenomenol-
ogy due to the lack of information on the material’s defects or other 
experimental conditions that are hard to control.

In summary, we investigate the magnetic domain structures and 
their response to external magnetic fields of industrially relevant fer-
romagnetic steel, where the mechanical and magnetic properties are 
tuned by the presence of inherent cementite (Fe3C) carbide particles in 
a thin ferrite matrix. We obtain maps of magnetization through both 
the TIE approach and the in-situ off-axis electron holography to be 
compared with micromagnetic simulations. The target system and the 
methods used in this work are illustrated in Fig.  1.

The results provide unprecedented detailed views and models of 
these industrially important aspects of magnetization. The methodology 
can be applied to gain deeper insight in MBN and spintronic dynamics.
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Table 1
Composition of steel determined by optical emission spectroscopy. The num-
bers are given in weight percent (%).
 Fe C Si Mn Cr Ni Cu P, S, Mo, Ti, V, Al, Nb, W 
 Bal 0.7 0.3 0.7 0.1 0.1 0.2 < 0.1

2. Materials and experimental methods

The materials, characterization methodologies, imaging methods, 
and setup of micromagnetic simulations are described in the following.

2.1. Material

Industrially relevant and commercially available hot-rolled steel 
with a ferritic–pearlitic structure was used. The steel composition (Ta-
ble  1) was determined in Metlab Oy, Finland, by optical emission 
spectroscopy (OES).

2.2. Scanning electron microscopy imaging

The microstructure of the sample was studied with a scanning 
electron microscope (SEM, Zeiss Ultraplus) together with an electron 
backscatter diffraction (EBSD) system (Oxford Instruments Symmetry) 
enabling transmission Kikuchi diffraction (TKD) with higher spatial res-
olution compared to the ‘conventional’ EBSD measurements. The TKD 
data were collected with AZtec software and post-processed with Aztec-
Crystal software (both from Oxford Instruments). A bulk sample for 
SEM studies was prepared with a conventional metallographic method: 
embedding in resin, followed by grinding, polishing, and etching with 
4% Nital. A thin SEM-TKD sample, also used in the TEM studies, was 
prepared from mechanically pre-thinned (thickness < 100 μm) steel 
plate by machining a 3 mm diameter disc and then electropolishing 
(Struers TenuPol) the discs until perforation using a solution of nitric 
acid in methanol (1:3) at a temperature of −25 ◦C.

2.3. Coherent electron imaging

We map out the DWs by Fresnel imaging in an Environmental 
(Scanning) TEM (FEI Titan 80–300 kV E-(S)TEM) suitable for both 
inline and off-axis holography. As the incoming electrons interact with 
a domain, they are scattered to an angle determined by the Lorentz 
force acting on them. This interaction allows imaging the DWs, as the 
electron intensity around the DWs are either increased or decreased 
depending on the magnetization on either side of the DW, thereby 
creating visible contrast.

For a more quantitative analysis of the domain and DW structures 
we carried out electron holography experiments as the TEM is equipped 
with a standard ThermoFisher quartz filament biprism in the selected 
aperture plane and with a Gatan CMOS OneView camera for imaging 
with 4k sampling.

Our TEM is also equipped with a Gatan Imaging Filter (GIF) system 
(Gatan Tridiem 865 GIF) enabling electron energy loss spectroscopy 
(EELS) measurements. EELS was used to estimate the thickness of 
the sample in the region of interest (data not shown). In Lorentz mi-
croscopy, the strong 2 T magnetic twin-pole objective lens is switched 
off, and imaging is accomplished via a weaker Lorentz lens that leaves 
the sample in a field-free region. The downsides of the Lorentz lens 
are a lower magnification and a very large spherical aberration (𝐶𝑠). 
Combined, they produce a spatial resolution in the range of 5–10 nm. 
On the other hand, the magnetic field-free environment allows us to im-
age magnetic samples non-invasively, without perturbing the magnetic 
structure under scrutiny.

In order to measure the phase shift using inline holography, the 
defocus is varied around the eucentric focus. We chose the following 
3 
set of defocus values: 𝑓 = ±10, ±20, ±30, ±50, ±80, ±130, ±180, ±230, 
±300, and ±400 μm. In this mode, the microscopy was operated at low 
magnification at 9000 X and a dose rate of 70 𝑒− nm−2 s−1.

To setup off-axis electron holography, we first revert back to eucen-
tric focus, and then bring in and turn on the biprism at some positive 
potential to create the interference pattern. At higher potentials, the 
electrons converge more, thereby creating both a larger interference 
region and reduced fringe spacing. However, a minimum fringe spacing 
is needed (around 4 pixels [26]) in order to effectively resolve fringes. 
In our experiments we kept the biprism voltage at 250 V, which 
resulted in 1.96 nm fringe spacing and 0.28 fringe contrast. To properly 
sample the interference fringes, the magnification was increased to 53 
kX and the dose rate to 50 𝑒− Å−2 s−1.

Following the standard off-axis electron holography acquisition pro-
cedure, two holograms were captured: the object hologram and back-
ground (vacuum) hologram. The latter is used to remove microscope 
distortions or any far field potentials as shown below in Section 2.4.

2.4. In-situ imaging

In both inline and off-axis modes the objective lens can be slightly 
excited to magnetize the sample. The objective twin-pole lens at max-
imum excitation produces a local magnetic field of 2 T, that can be 
directed as desired by tilting the sample appropriately.

The experimental protocol for in-situ imaging is as follows. We 
begin by aligning the microscope in normal Lorentz mode and acquire 
the hologram. Then, using free lens control, we slightly excite the 
objective lens to 1% (producing a field of 20 mT) and capture a second 
hologram. This is repeated in steps up to the maximum of 6% (120 mT) 
excitation. Afterwards, we reverse the objective lens current down to 
a minimum of −6% (−120 mT). Finally, the objective lens is brought 
back to 0% (0 mT) excitation. The microscope is realigned after every 
magnetic field increment, and the object/reference hologram pair is 
recorded each time.

We also captured videos of the domain wall dynamics while the ob-
jective lens was changing excitation. Since the current of the objective 
lens changed from frame to frame, the region of interest was slightly 
shifting at each step. Therefore, it was necessary to perform a post-
alignment procedure by cross-correlation. In addition, denoising was 
applied for the aligned data. The aligning and denoising procedures 
that we adopted are described in Ref. [19].

2.5. Data analysis

All inline and off-axis holograms were processed via custom-made 
scripts, available in our Zenodo repository [37].

In off-axis electron holography, the interference pattern is created 
by superimposing the two portions of the exit wave passing on either 
side of the biprism. The portion that crosses the sample is termed 
object wave, while the other, traveling through vacuum only, is called 
reference wave. With planar illumination along the optic axis 𝑧, the 
exit wave has the form 𝜓 = 𝑎 exp(𝑖𝑧𝑘𝑧 + 𝜙(𝐫)), where 𝑎 is the wave 
amplitude that is assumed constant, and 𝜙(𝐫) is the phase modulation of 
the wavefront introduced by the electric and magnetic fields according 
to Eq. (1). By action of the biprism, the exit wave splits into object 
and reference, which are then brought to interfere. The hologram is 
the image intensity associated with this interference pattern, and can 
be written as 
𝐼(𝐫) = 𝑎20 + 𝑎

2
𝑟 + 2𝑎0𝑎𝑟 cos(𝐤𝑐 ⋅ 𝐫 + 𝜙(𝐫)) (4)

showing that the phase shift is encoded in the hologram as local 
deviations from a pure sinusoidal pattern. In Eq. (4), 𝑎0 is the amplitude 
of the object wave, 𝑎𝑟 the amplitude of the reference wave, and 𝐤𝑐 is 
the characteristic carrier frequency (the inverse fringe spacing) related 
to the angle of deflection of the biprism, which in turn connects to the 
biprism voltage and geometry.
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Fig. 2. Off-axis electron holography image analysis: (a) is the raw hologram, (b) its FFT and the applied mask on either of the two sidebands, (c) the reconstructed 
phase wrapped within the [−𝜋; +𝜋] interval, and (d) the unwrapped phase.
To measure the phase, the hologram is processed according to 
the standard fast Fourier transform (FFT) based reconstruction al-
gorithm [26]. The reconstructed phase image from the algorithm is 
modulo 2𝜋, hence with discontinuities due to the indetermination of the 
arg(exp(𝑖𝜑)) operation. It can be ‘‘unwrapped’’ by adding or subtracting 
2𝜋 at every discontinuity following a standard algorithm [38].

Fig.  2 shows an off-axis electron hologram of a carbide parti-
cle on the substrate together with the various terms involved in the 
reconstruction.

With inline holography, the phase can be retrieved by solving the 
TIE equation. Zuo et al. have written a comprehensive tutorial on the 
method [27], where the equation to solve can be written as [28,29] 

∇ ⋅ [𝐼(𝐫, 0)∇𝜙(𝐫)] = −2𝜋
𝜆𝑒

𝜕𝐼(𝐫, 𝑧)
𝜕𝑧

, (5)

with 𝐼(𝐫, 0) = 𝑎2 the in-focus TEM image, 𝜆𝑒 the relativistic wavelength 
of the electron wave (1.96 pm at 300 kV), and the axial derivative can 
be approximated as 
𝜕𝐼(𝐫, 𝑧)
𝜕𝑧

≈
𝐼(𝐫, 𝑧 + 𝑓 ) − 𝐼(𝐫, 𝑧 − 𝑓 )

2𝑓
(6)

where 𝑓 is the defocus distance measured from eucentric focus, that we 
set at 𝑧 = 0. Choosing the appropriate defocus value can be challenging. 
For small 𝑓 the defocused image intensities at the numerator in Eq. (6) 
may suffer excessively from noise. On the other hand, large jumps in 
𝑓 lead to the linear approximation of the gradient, Eq. (6), becoming 
poor. To ensure a proper sampling of the defocus range, we settled on 
the set of values mentioned in Section 2.3.

Assuming that the divergence of the amplitude (𝐼(𝐫, 0) = |𝜓(𝐫)|2 =
𝑎2) is constant, which is the case when dealing with pure phase objects 
featuring 100% transmittance, Eq. (5) can be rewritten and solved for 
𝜙 as 

𝜙(𝐫) = − 𝜋
𝜆𝑒𝑓

∇−2
[

𝐼(𝐫,+𝑓 ) − 𝐼(𝐫,−𝑓 )
𝐼(𝐫, 0)

]

≡ − 𝜋
𝜆𝑒𝑓

∇−2 [𝐼(𝐫)
]

(7)

where ∇−2 represents the inverse Laplacian operator. Solving the re-
duced TIE (Eq. (7)) is best performed in Fourier space following the 
convolution theorem where the inverse Laplacian can be written as 

 (∇−2) = − 1
4𝜋2𝐪2

(8)

and hence the solution to the TIE, Eq. (7), can be written as 

𝜙(𝐫) = − 1
4𝜋𝜆𝑒𝑓

−1

{


[

𝐼(𝐫)
]

𝐪2

}

. (9)

Prior to solving the TIE, the images are aligned so that the region of 
interest (ROI) overlaps between the various defocus values. This is to 
avoid artifacts in the reconstructed phase image as any misalignment 
will make 𝐼(𝐫) unreliable. For this alignment we use template matching: 
from the 0th image (𝑧 = 0) we crop out an ROI that is used as a tem-
plate for the other two images. The openCVs [39] Template Matching 
function allows us to quickly identify the ROI in each image and then 
4 
shift that image to align with the first. This was repeated for all images 
and defocus values (see Fig.  3). Note that this procedure assumes that 
the magnification is unchanged with defocus, as the algorithm does not 
rescale images. This approximation is reasonable when the defocus is 
kept small.

Fig.  4 shows the image processing that leads to the TIE recon-
struction of the phase image of a carbide particle, summarizing the 
introduction to the TIE solution and its implementation in this work.

3. Simulation methods and setup

In this work, the micromagnetic simulations are performed using 
the MuMax3 code [35]. The simulated system consists of a cementite 
particle embedded in Fe matrix, corresponding to the particle targeted 
in Figs.  2, 3, and 4. The particle is modeled as an ellipsoid with axes 
of 1000 nm in length (𝑥), 420 nm in width (𝑦), and 80 nm in thickness 
(𝑧), mimicking the dimensions of the particle as observed by TEM as 
closely as possible. The thickness of the Fe surroundings is 21 nm as 
based on EELS measurements. The computational grid point widths are 
1.5 nm, 1.5 nm, and 1.5 nm in 𝑥, 𝑦, and 𝑧 directions, respectively. 
The grid size is 1024 × 1024 × 64 voxels, corresponding to the 
physical system size of 1536 nm × 1536 nm × 96 nm. The computations 
involve periodic boundary conditions along 𝑥 and 𝑦. The Fe matrix 
has saturation magnetization of 1700 kA m−1, exchange stiffness of 
21 pJ m−1, and cubic anisotropy constant of 48 kJ m−3 [40]. The 
cementite particle has saturation magnetization of 1200 kA m−1 [41] 
and triaxial (orthorhombic) anisotropy constants of 330 kJ m−3, 280 
kJ m−3, and 0 kJ m−3 [42]. The anisotropy axes directions correspond 
to the easy axes, referring to the crystal orientations of both the matrix 
and the particle as obtained by TKD (see Fig.  5(d) in Section 4). The 
exchange stiffness of cementite is reported to have the value of 8.7 pJ 
m−1 [43,44], but during this work it was observed that the results with 
the value of 1.5 pJ m−1 agrees better with the experimental results. 
The effect of the exchange stiffness is discussed in detail along with the 
results. We note that the exchange length for cementite is either 3.1 nm 
(when using 𝐴ex = 8.7 pJ m−1) or 1.3 nm (for 𝐴ex = 1.5 pJ m−1). While 
the grid point width of 1.5 nm is in the latter case marginally larger 
than the exchange length, given the small difference between the two, 
we do not expect significant inaccuracies due to this in the simulations. 
Moreover, using smaller grid point widths would not be feasible for the 
large system considered here.

To determine the optimal magnetic domain size in the carbide 
particle, we run multiple relaxations of the magnetic configuration after 
initializing different numbers of alternating, evenly sized, antiparallel 
domains in the particle and record the total energy of the relaxed 
system; the configuration with the lowest total energy gives the optimal 
domain size. The external field is then increased along the 𝑧 axis to 
investigate how the domain structure and domain wall width changes 
with the applied field.
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Fig. 3. The alignment procedure: the template taken from the 0th image (find template) and the template aligned with the 0th image (translate image) in either 
–𝑓 (top row) or +𝑓 (bottom row), and finally the ROI used.
Fig. 4. Image analysis for inline holography at 𝑓 = 180 μm, (a) 𝑧 = −𝑓 , (b) 𝑧 = +𝑓 , (c) 𝐼(𝐫) from Eq. (7), (d)  [

𝐼(𝐫)
]

, (e)  [

𝐼(𝐫)∕𝐪2
]

, and (f) the phase image 
from Eq. (9).
To connect with the TEM data, we calculate the phase image from 
the results of the micromagnetic simulations according to the procedure 
in Ref. [45]. The phase map is obtained as 

𝜙(𝐫) =
𝜋𝜇0𝑡
𝜙0

−1 (𝑖(𝑀̃𝑥𝑘𝑦 − 𝑀̃𝑦𝑘𝑥)𝑄2) (10)

where 𝜇0 is the vacuum permeability, 𝑡 is the sample thickness, 𝜙0 =
ℎ∕2𝑒 is the flux quantum (ℎ is Planck’s constant, and 𝑒 is the elementary 
5 
charge), 𝑀𝑥 = 𝑀𝑠𝑚𝑥 is the 𝑥 component of the local magnetization 
obtained from the micromagnetic simulations and 𝑀̃𝑥 its Fourier trans-
form, 𝑀𝑠 is the local saturation magnetization, and 𝑄 = (𝑘2𝑥 + 𝑘

2
𝑦)

−1∕2. 
In the simulations, the thickness is not constant (see Fig.  9(a) for the 
geometry). Therefore, Eq. (10) is applied to each layer of the discretized 
simulation cell separately. The final total phase is then obtained as a 
sum over the layers, i.e. over the 𝑧 coordinate of the system.
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Fig. 5. Microstructure and magnetic structure of the sample, (a) SEM, (b) 
TEM, and (c) Lorentz TEM images together with (d) SEM-TKD phase map 
and orientation map with unit cells shows lamellar and spherical cementite 
(Fe3C) carbides in the ferritic matrix. In addition, there are domain walls in 
the matrix and inside the magnetic carbides. TEM image (b), Lorentz images 
(c), and SEM-TKD maps (d) are from the same area and the carbide studied is 
inside the yellow/black rectangle.

4. Results

4.1. Microstructure and magnetic structure

Fig.  5 shows the results of SEM, TEM, Lorentz microscopy, and TKD 
studies. They indicate that the industrially relevant ferritic–pearlitic 
steel consists of lamellar and spherical cementite (Fe3C) carbides in 
the ferritic matrix. Based on the Lorentz images shown in Fig.  5(c), 
there are domain walls both in the ferritic matrix and inside the mag-
netic cementite carbides. In this study, we focus on the approximately 
elliptical carbide as shown inside the yellow/black rectangles in Figs. 
5(b–d). Unit cells in the SEM-TKD orientation map, Fig.  5(d), shows the 
crystal orientations of the carbide and ferritic matrix next to it. These 
orientations are used as input in the micromagnetic simulations.

4.2. Lorentz microscopy and off-axis electron holography

Examples of the phase maps measured with both in-line and off-
axis electron holography methods are shown in Fig.  6. The maps show 
qualitatively similar results, possessing stripes in the area of the carbide 
and more slowly varying phase signal elsewhere. Recalling Eq. (2), we 
note that these maps still include the electrostatic potential on top of 
the magnetic one that is of our interest. We will present the details of 
the treatment of the electrostatic potential after describing the model 
function for the magnetic DWs inside the carbide.
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To demonstrate the direct imaging of the DW dynamics, we offer 
Video 1 (Supplementary Material) as an animation of subsequent, sta-
tionary TEM images showing the domain wall dynamics in the matrix 
and inside two carbides, while varying the excitation of the objective 
lens. During the animation, the field is increased to the maximum, 
reversed to the minimum and stepped back to zero twice. In the matrix, 
the DWs start to move before the carbide is saturated, while in the 
carbides the DWs seem to disappear at some field value and reappear 
already before the zero field is reached again.

To understand and quantify the magnetic phase signal within the 
carbide, we use a simple model for the vector potential associated with 
the magnetic structure inside the carbide. We start with the standard 
description of the magnetization unit vector, 𝐦, as it turns from +𝑦 to 
−𝑦 over a 𝜎-wide DW with its center at 𝑥0. This shape of a domain wall 
can be written as [46] 
𝐦 =

[

sin(𝛼) sech
(

𝑥−𝑥0
𝜎

)

,

tanh
(

𝑥−𝑥0
𝜎

)

,

cos(𝛼) sech
(

𝑥−𝑥0
𝜎

) ]

(11)

where the angle 𝛼 corresponds to the type of wall: 𝛼 = 0 is a Bloch wall 
with spins rotating in the (𝑦, 𝑧) plane, 𝛼 = 𝜋∕2 is a Néel wall with spins 
rotating in the (𝑥, 𝑦) plane, and 0 < 𝛼 < 𝜋∕2 is a hybrid wall where 
spins rotate in a vertical plane 𝛼 degrees off the 𝑥 axis.

Eq.  (2) tells us that the phase is proportional to the vector potential 
component along the optic axis 𝑧, which by virtue of 𝐁 = 𝛁×𝐀 relates to 
the 𝑥 and 𝑦 components of 𝐁 only. Assuming that the dimension of the 
carbide particle parallel to the DW is much larger than the DW width 
itself, we may neglect the stray field, and its return flux, generated by 
the magnetic charges at the particle edge. In the case of a Bloch wall, 
we then have 

𝜙(𝑥) =
𝑒𝐵0𝑡
ℏ ∫ 𝑚𝑦(𝑥)d𝑥 (12)

where 𝑡 is the particle thickness and 𝐵0 = 𝜇0𝑀𝑠 is the material’s 
saturation magnetization measured in Tesla. The integral in Eq. (12) 
is indefinite because the phase is determined only up to an arbitrary 
constant, meaning that we are free to choose its zero anywhere. With 
the magnetization unit vector as in Eq. (11), we obtain 

𝜙(𝑥) = 𝐴𝜎 ln
[

cosh
(𝑥 − 𝑥0

𝜎

)]

+ 𝐶 (13)

where 𝐴 = 𝑒𝐵0𝑡
ℏ  reflects the slope of the phase far from the DW, and 𝐶

is an arbitrary phase offset. The particle thickness 𝑡 is measured using 
STEM-EELS (data not shown), yielding a thickness of approximately 
80 nm. In the analysis involving Eq. (13), we assume 𝑡 to be constant 
and neglect the elliptical shape of the particle for simplicity.

As a final remark of the model, we discuss the treatment of the elec-
trostatic potential. Since we are interested in rather local features of the 
phase map, i.e. DW widths and domain sizes, it is sufficient to make the 
assumption that the smoothly varying electrostatic background from 
the mean inner potential constitutes a linear contribution locally in 
the phase shift. Therefore, we account for the electrostatic background 
by adding a linear term 𝑘𝑥 in the model function (Eq. (13)) whose 
coefficient 𝑘 is fitted along with the other variables. The full model 
function for a domain wall becomes 
𝜙(𝑥) = 𝐴𝜎 ln

[

cosh
(𝑥 − 𝑥0

𝜎

)]

+ 𝑘𝑥 + 𝐶 (14)

that takes into account the contribution of the electrostatic potential as 
the linear term, returning a more accurate value for the DW width 𝜎
when fitted to a phase profile.

We proceed with the determination of the DW widths and domain 
sizes for holography images obtained under vertical magnetic fields of 
varying magnitude as described in Section 3. First, the analyzed phase 
profile is selected; this is done manually for each image due to small 
differences in the alignment between the images. The region where the 
phase profile is considered is shown in Fig.  6(a) as the white dashed 
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Fig. 6. (a) Example of a reconstructed phase map via off-axis electron holography. (b) The line profile inside the dashed rectangle shown in (a) together with a 
fit model function for a single peak, fitted inside the yellow rectangle shown in (a). (c) and (d): Similar data for inline holography and TIE analysis. In the phase 
maps, the color range is selected to highlight the structure inside the carbide particle.
rectangle. The analyzed phase profile is indicated in Fig.  6(b), where 
the 1-dimensional signal is taken as a mean over the region in the 
direction of the short axis of the rectangle in Fig.  6(a). The DW widths 
are determined by fitting Eq. (14) to a single peak in the phase signal, 
as shown in Fig.  6(b). The domain sizes are measured as peak-to-valley 
and valley-to-peak distances, that is the distances between the fitted 
peak to the valleys on its right and left sides, respectively.

The fit DW widths from Eq. (14) and the measured domain sizes 
are shown in Fig.  7(b) and (c) for each field value. The coloring and 
the analyzed field values are illustrated in Fig.  7(a). Starting from 0 
mT, the DW width 𝜎 first rapidly collapses from 12 nm to 10 nm, then 
increases from 10 to 12 nm when the field is increased up to 120 mT. 
It then decreases back along the same path towards 0 mT. Below 0 mT, 
the trend is non-monotonous, and slight hysteresis can be seen while 
coming back from −120 mT towards 0 mT. On the positive side of B, 
the monotonous, increasing trend can be understood by considering the 
energetics of Bloch walls. As the field is increased vertically, it becomes 
energetically favorable to expand the domain wall which aligns with 
the field, hence providing Zeeman energy relief. The trade-off between 
magnetostatic and exchange energies remains essentially unchanged, so 
that the net effect is a DW enlargement.

The domain sizes have more symmetric and non-hysteretic trend 
along the field loop than the widths, as shown in Fig.  7(c). The domain 
from valley to peak increases in size when the field becomes more 
positive, and, in the opposite, the domain from peak to valley decreases 
for more positive fields. This can be understood by the relationship 
between the anisotropy axes and the direction of the applied field. To 
simplify, let us consider a material with uniaxial anisotropy with easy 
axis direction 𝐮 = 𝐾𝑦𝐲 + 𝐾𝑧𝐳 with 𝐾𝑦, 𝐾𝑧 > 0. Here, we have two 
mutually antiparallel domains, A and B, that have magnetization 𝐦𝐴 =
𝑎𝐲+𝑏𝐳 and 𝐦𝐵 = −𝑎𝐲−𝑏𝐳 with 𝑎, 𝑏 > 0 and 𝑏 ≪ 𝑎 because the sample is 
thin; the magnetization is close to in-plane configuration due to the 
shape anisotropy. Because of the symmetry of the anisotropy, these 
domains have the same energy. However, when the material is exposed 
to a vertical field 𝐁 = 𝐵𝑧𝐳 with 𝐵𝑧 > 0, the magnetization acquires a 𝐵𝑧-
dependent positive 𝑧 component. This decreases the anisotropy energy 
density in domain A and increases it in domain B, making domain A 
energetically more favorable and expanding it at the expense of B. The 
field with 𝐵 < 0 naturally has the opposite effect, expanding domain B.
𝑧
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The same methods carried out for the off-axis electron holography 
above are used for the TIE phase reconstruction, where the phase 
profile is acquired over approximately the same region. This is shown 
in Fig.  6(c) with an example of the analyzed curves shown in Fig.  6(d).

The TIE phase measurements confirm that the smaller defocus 
values (𝑓 < 80 μm) lead to a poor signal-to-noise ratio (data not shown) 
and, consequently, to significant low-frequency artifacts in the signal. 
At the larger defocus values the profiles start to converge. Considering 
also that even the largest defocus values employed (up to 400 μm) are 
small compared to the Fresnel length of the DW (𝜆2∕4𝜆𝑒 ∼ 4 mm), we 
only compare TIE phase images obtained at 𝑓 ≥ 80 μm to the off-axis 
holographic results.

In Fig.  8(a), we show the width parameters 𝜎 for each defocus 
value. Here, the smallest defocus values where the signal-to-noise ratio 
is sufficiently large (𝑓 = 80 μm), the fit 𝜎 is roughly the same as for off-
axis holography at 0 mT although the fit has a relatively large standard 
error of about 1.4 nm. However, moving towards larger defocus values, 
𝜎 jumps to 18 nm already at the next value 𝑓 = 130 μm and slowly 
decreases when 𝑓 is increased up to 400 μm. Even though 𝜎 at 400 
μm shows rather good correspondence to the off-axis holography data, 
which we regard as the more accurate method of the two, we acknowl-
edge that the fringe pattern emerging in the phase profile with such 
large defocus value introduces high uncertainty in the overall data. 
We expect that the smallest defocus values with sufficient signal-to-
noise ratio gives the most trustworthy results. The domain sizes in Fig. 
8(b) are of the same magnitude as for the off-axis holography, granting 
assurance that we are measuring the same thing (i.e. the electron phase) 
with both off-axis and inline holography. While both inline holography 
and TIE are valid phase retrieval methods, the latter requires a careful 
analysis to determine the sweet spot in defocus where the SNR is large 
enough but, on the other hand, where the small-defocus approximation 
underpinning the TIE formalism still holds.

The off-axis holography data and the fitted parameters are further 
combined to estimate the magnetic field inside the carbide particle that 
produces a  4–5 rad net phase shift, as shown in Fig.  6 (a–b). Using the 
estimated thickness of 80 nm from STEM-EELS and the results of the fit 
for the 𝐴 parameter, we find that 𝐵0 ∼ 0.5 − 0.6 T. This is significantly 
smaller than the saturation magnetization of bulk cementite 𝐵0 = 1.35
T (Ref. [47]), suggesting that (i) the thickness estimated by EELS is 
flawed, (ii) not all the magnetic field is confined in the plane of the 
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Fig. 7. (a) The applied field values corresponding to each subsequent acquisition of the data set. (b,c) The fitted parameters: (b) the DW thickness 𝜎 and (c) the 
domain size. Peak and valley refer to the respective features in the phase profile as illustrated in Fig.  6(b). The error bars are obtained as the square root of the 
self-covariance of the fit 𝜎.
Fig. 8. The fitted parameters in the inline holography (TIE) data for different defocus values at zero field. (a) The domain wall widths 𝜎. (b) The domain sizes.
particle, and (iii) the approximations we made of constant thickness, 
the DW shape as pure Bloch type, the model function, and the absence 
of stray fields (which reduce the net phase difference between DWs) 
were not so tenable after all.

4.3. Micromagnetic simulation results

Here we present the results of our micromagnetic simulations, 
mimicking the experimental setup and the single carbide shown and 
analyzed in Figs.  2–8. We model the carbide particle as an ellipsoid, 
protruding from a thin film of iron as illustrated in Fig.  9(a). The mo-
tivations for choosing the geometry shown in Fig.  9(a) are two-fold: (i) 
the results obtained using it agreed slightly better with the experiments 
as compared to a carbide positioned perfectly symmetrically in the 
middle of the matrix, and (ii) it is unlikely that, following the etching 
process to make the sample thin, a thicker carbide would sit exactly 
symmetrically in the middle of the thin matrix. We compute the total 
energies of the system for different densities of in-carbide DWs and 
measure the DW widths. We vary the external field from 0 mT to +120 
mT, down to −120 mT and back to 0 mT in 20 mT steps, relax the 
system at each field value, and analyze the DW evolution during this 
sequence of relaxations.

First, we resolve the optimal number of domains in the carbide 
that minimizes the total energy of the system. We initialize different 
number of DWs inside the carbide and relax the magnetic configuration 
afterwards. The resulting total energies are shown in Fig.  9(b) for two 
different values of the exchange stiffness: the literature value 8.7 pJ 
m−1 [43,44], and a smaller value of 1.5 pJ m−1 that we eventually 
found to match much better with the experimental data. The experi-
mental data shows that the domain size is roughly 80 nm in zero field. 
In the simulations, 𝐴ex = 8.7 pJ m−1 results in optimal domain size 
of 166 nm (6 domains in particle of length 1000 nm), whereas the 
value of 𝐴ex = 1.5 pJ m−1 results in average domain size of 91 nm (11 
domains). The latter matches well with the experimental observations. 
In Fig.  9(c), we show a three-dimensional illustration of the system 
with 11 domains in the carbide; the coloring denotes the magnetization 
directions on the surface. In addition to the domain structure of the 
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cementite carbide, consisting of roughly parallel 180 degree domain 
walls, in the Fe matrix surrounding the carbine, one can observe 
low-amplitude ‘‘waves’’ or oscillation patterns of the magnetization 
around the dominant in-plane magnetization direction of the Fe matrix, 
emanating from the domain structure of the carbide. This is similar to 
what is seen in the Lorentz microscopy images [Fig.  5(c)], where some 
domain wall -like structures appear to continue to the Fe matrix, with 
their contrast significantly weaker than that of the domain walls inside 
the carbides, suggesting that they do not correspond to 180 degree 
domain walls.

An interesting observation from the relaxation runs is that when 1–3 
domains are initialized, some more DWs spontaneously emerge during 
the relaxation. This supports the experimental findings, demonstrated 
also in Video 1 (Supplementary Material), that the carbides very often 
show striped DW patterns by nature. Similarly, if more than 15 domains 
were initialized in the simulations, some of the domains vanished 
during the relaxation.

The value of 𝐴ex thus matters a lot for the outcome. We also tested 
how changing the value of both saturation magnetization 𝑀𝑠 and 
anisotropy constant 𝐾 affects the number of domains that minimize the 
total energy. Using the literature value of 𝐴ex and setting 𝑀𝑠 = 2000
kA/m results in 6 domains, and 𝐾1 = 165 kJ/m3, 𝐾2 = 115 kJ/m3, 
𝐾3 = 0 kJ/m3 for the orthorhombic anisotropy constants results in 6 
domains as well. That is, they do not have a significant effect on the 
optimal domain size, even though their spread reported in the literature 
values is rather large. Thus, even if the value 𝐴ex = 1.5 pJ m−1 is rather 
small, using such a small exchange stiffness seems to be the only way 
to reproduce the experimental domain patterns.

Hence, we continue the analysis with the value of 𝐴ex = 1.5 pJ m−1. 
Figs.  10(a) and (b) show the relaxed magnetic structure and the con-
verted phase map from the direction of the positive 𝑧 axis, respectively. 
We note that the direction of DWs is slightly off from the elliptical axes 
of the particle, which is clearly visible e.g. in Fig.  4(c) and is repeated in 
the simulations: In Fig.  10(a), it can be seen that the domain walls are 
not exactly directed towards the short axis of the particle. In the figure, 
we have rotated the simulation box 6◦ in order to measure the domain 
wall width perpendicular to the domain wall direction. The inclination 
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Fig. 9. (a) System geometry of the micromagnetic simulations. (b) Simulated total energies of systems with varying number of in-carbide domain walls. The 
values are shown for two different values of exchange stiffness: 8.7 pJ m−1 and 1.5 pJ m−1. The smaller value for Aex decreases the energy contribution of a DW. 
(c) Three-dimensional illustration of the relaxed magnetic state of the system. The coloring denotes the direction of the magnetization in (𝑥, 𝑦) plane as indicated 
by the color wheel.
results from the magnetocrystalline anisotropy, which is mimicked in 
the simulations as accurately as possible using the easy axes from the 
measured TKD data.

We measure the DW widths in the measurement windows (Figs.  10 
(a–b)) by both fitting the hyperbolic tangent on the DW shape (𝑚𝑦
specifically) as shown in Fig.  10(c) and fitting with Eq. (14) in the 
simulated phase map as in Fig.  10(d) – as suggested in Section 4.2. 
The fitting with the tanh model function is performed on a curve 
that is taken as the average over both the 𝑦 and 𝑧 coordinates inside 
the measuring window, illustrated in Fig.  10(a). The fitting of the 
model function on the phase curve is taken as the average over the 
𝑦 coordinate inside the measuring window. The average over the 𝑧
coordinate is weighted by the thickness and the 𝑀𝑠 value as explained 
in the Methods section. The measured DW widths in the simulations 
at each value of the applied field 𝐻 are shown in Fig.  10(e). The two 
methods show very similar trends in the 𝜎 evolution with the field, 
validating the experimental method of using the phase information as 
a tool to measure the domain wall width.

As a side note, we discuss the inclusion of the 𝑘𝑥 term in the model 
function for the simulated data even though the simulations do not 
involve any electrostatics. We include the 𝑘𝑥 term because there is 
slight skewness in the peaks of the phase curve, appearing because of 
the thin layer of Fe below the carbide particle. The domain structure 
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is partly transferred to Fe from the particle due to the exchange 
interaction between the two materials, but the structure is weaker in Fe. 
As a consequence, there is a net magnetization in the Fe layer towards 
its anisotropy axes, that contributes to a sloping part in the total phase 
profile. Including the 𝑘𝑥 term in the fitting function takes this effect 
into account and offers a more precise value for the DW width 𝜎. The 
observation that the magnetization of the underlying Fe contributes to 
the slope of the phase, offers another reason to include the 𝑘𝑥 term 
in the analysis of the experimental data in addition to the electrostatic 
potential.

In Fig.  10(f), we plot the domain size evolution with the applied 
vertical field in the simulations. The picture is qualitatively the same as 
in the experiments: the more positive the field, the wider the valley-to-
peak domain, and vice versa for the peak-to-valley domain. However, 
the range of domain sizes is a lot narrower as compared to experiments 
(10 nm vs. 70 nm) in the studied field range. Also, the valley-to-
peak and peak-to-valley domains never reach each others’ size unlike 
in experiments, where the curves meet at zero field. When using the 
literature value of 𝐴ex = 8.7 pJ m−1, the domain size does not follow 
such a monotonous or easily interpreted behavior (data not shown), but 
the effect of increasing and decreasing the field is mostly to move the 
Bloch lines up and down along the domain walls. With 𝐴ex = 8.7 pJ 
m−1, the domain sizes do not change very much, and their evolution 
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Fig. 10. Domain wall widths in simulations. (a) The system is relaxed after initializing 11 domain walls in the carbide. The coloring indicates the direction 
of the magnetization in xy plane. The yellow dashed ellipse indicates the boundary of the ellipsoidal cementite carbide. The white dashed rectangle shows the 
measuring window for the domain wall widths. (b) The phase map as converted from the simulated data. (c) Example of a hyperbolic tangent fit to the simulated 
magnetization data. The ‘‘tanh’’ curve is computed by fitting a function 𝑓 (𝑥) = 𝐷 tanh((𝑥−𝑥0)∕𝜎) to 𝑚𝑦 in the measuring window in (a). (d) Example of a fit to the 
simulated phase data. The fit curve is computed by fitting model function, Eq. (14) to phase in the measuring window in (b). (e) The evolution of the simulated 
DW width parameter 𝜎 with varying external field. (f) The respective domain sizes. (g) The variance of the domain wall width by moving the measurement 
window along the 𝑦 coordinate, i.e. along the domain wall in (a). The widths are measured by fitting to the tanh function here.
is counterintuitive at some field ranges: both the valley-to-peak and 
peak-to-valley domains increase with increasing the field. This gives us 
another reason to assume that 𝐴ex = 1.5 pJ m−1 is closer to the real, 
effective value in the microscopy experiments.

According to the simulated data, the domain wall width 𝜎 shows 
strong hysteretic behavior when the applied field is driven up and 
down. The shape of the behavior is qualitatively very different than the 
experimental measurements (Fig.  7(b)), but the range of the domain 
wall widths stays between 9 and 12 nm that is consistent with the 
experiments. We attribute the differences in the shape to the chal-
lenge of determining a unique value for the domain wall width in 
such particles. For example, in Fig.  10(g) we show how moving the 
measurement window along the 𝑦 axis changes the outcome of the 
measurement for a single DW. The width parameter 𝜎 changes between 
5 and 14 nm, showing a remarkable effect of the window position 
on the measurement. A detailed inspection of the magnetization data 
reveals that there are Bloch lines within the DWs that move slightly up 
and down when the field magnitude is changed, influencing the DW 
width. We illustrate this in Video 2 (Supplementary Material), where 
the meeting points of white and black regions (𝑚𝑧 < 0 and 𝑚𝑧 > 0, 
respectively) of the DW represent Bloch lines. When the Bloch line 
enters the measurement window, the measured DW width is larger than 
elsewhere. For example, each curve in Fig.  10(g) contains three peaks. 
In Video 2, we see that there is a Bloch line in the described DW at the 
position of each peak. It is thus clear that the presence of Bloch lines 
makes the measured 𝜎 larger.

The DW widths measured with both the off-axis electron holography 
in Fig.  7(b) and the micromagnetic simulations are larger than what 
the theoretical, simplified Bloch wall formulation 𝑤 =

√

𝐴∕𝐾 = 2.1 nm
predicts. To offer an explanation for this using the simulated data, in 
Fig.  11 we show the widths and positions of a domain wall along the 
𝑧 axis. The measurement window is the same as shown in Fig.  10(a). 
Fig.  11(a) shows that the DW has a relatively constant width (∼ 5 nm) 
inside the carbide. Inside the thin layer of Fe below the carbide, the 
width is larger, because there is no anisotropy direction supporting 
such a DW in the underlying Fe; The DW only exists there due to the 
exchange coupling with the carbide. Fig.  10(b) explains the deviance 
of the widths from the theory: the DW is tilted inside the carbide, and 
therefore the width that is averaged over the thickness seems larger 
than the theoretical prediction. The difference between the measured 
𝜎 for 120 mT and −120 mT (Fig.  10(e)) can be explained only by 
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Fig. 11. (a) The domain wall widths and (b) relative positions in 𝑥 direction 
along the thickness (𝑧 axis) of the carbide for different magnitudes of the 
applied field, where 𝑧 = 0 is the midpoint of the carbide particle. The values 
for the width (𝜎) and position (𝑥0) are obtained from fitting the domain wall 
shape grid layer by grid layer to the function 𝑓 (𝑥) = 𝐷 tanh((𝑥 − 𝑥0)∕𝜎). The 
dashed dotted lines show the bottom, middle level, and top of the carbide. 
Below 𝑧 = −40 nm there is a thin layer of Fe (see Fig.  9(a) for the geometry). In 
(b), the curves are offset to align the domain wall position at the first measured 
grid layer. The position curves indicate that the domain wall is tilted inside 
the carbide, effectively broadening the wall while measuring it by averaging 
over the thickness.

the changes in the tilting of the DW: at −120 mT, the DW is a little 
more straight than at +120 mT, decreasing the measured value that is 
averaged over the thickness.

As a finishing note of the micromagnetic results, the domain wall 
widths are also examined with the exchange stiffness value 𝐴ex = 8.7 pJ 
m−1. Despite the different optimal domain sizes, there is no substantial 
difference in the domain wall widths as compared to the ones presented 
above for the literature value 𝐴ex = 1.5 pJ m−1. In both cases, the DWs 
are tilted and inclined, Bloch lines are formed spontaneously, and the 
DW widths depend on the measurement window position.

5. Discussion

We begin the theory-oriented explanation of the experimental re-
sults by arguing with energy consideration why the stripe domain wall 
structure is formed in the carbides. As per Fig.  5(d), the magnetocrys-
talline anisotropy axes are directed in such a way that the hard axis 
of cementite is roughly along the long edge of the ellipsoidal particle. 
In typical soft or low-anisotropy magnetic particles, the Landau pattern 
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with a centered vortex is formed in order to minimize the energy stored 
in the magnetostatic field outside the particle (i.e. the stray field). 
Due to the strong magnetocrystalline anisotropy of cementite [42], the 
typical Landau pattern is here energetically expensive. In contrast, the 
stray field energy is decreased by formation of multiple alternating, 
antiparallel domains that result in only small domain closure patterns 
outside the particle. The optimal domain size results from the com-
peting energy factors: increasing the number of domains decreases the 
stray field energy but increases the number of domain walls that each 
increase the total energy. Thus, we attribute the appearance of the 
edge-to-edge domain walls to the strong magnetocrystalline anisotropy 
in cementite.

According to the domain size analysis shown in Fig.  7(c), the 
domain size is close to 80 nm at zero field. In the simulations with 
the literature value 8.7 pJ m−1 for Aex, the energy-minimizing domain 
size is 166 nm. Decreasing the exchange stiffness Aex to a sixth of 
the literature value (1.5 pJ m−1), the average domain size is roughly 
91 nm which is much closer to the TEM observations. However, there 
might also be different reasons why the smaller Aex leads to results 
closer to the experiments. Firstly, to our knowledge, the value of the 
exchange stiffness is not very well validated, but the estimated value 
that we take from the literature is only based on the Curie temperature 
of cementite [43,44]. Secondly, the temperature in the experiments is 
of the order of 300 K, whereas the micromagnetic parameters are de-
termined for zero temperature; increased temperature tends to weaken 
the exchange coupling in a complicated fashion [48], and therefore it 
is possible that the effective exchange stiffness of Fe3C is closer to 1.5 
pJ m−1 than to 8.7 pJ m−1 at 300 K. Our observations of the domain 
size evolution with the applied field supports the use of 𝐴ex = 1.5 pJ 
m−1 as well, as the results correspond to the experimental observations 
more than those with 𝐴ex = 8.7 pJ m−1.

The domain wall widths and their evolution with the applied field 
match well with the experiments. The measured domain wall width 
is 8–12 nm in both simulations and experiments, even though the 
simulations show that the measurement window position has a notable 
effect on the obtained results. While the width range exceeds the 
theoretical value of 2.1 nm for a pure Bloch wall, as we discussed, 
the tilting of the domain wall throughout the thickness of the particle 
makes the measured width even larger than what it is in the 𝑥𝑦 cross 
section of the particle. The changes in the tilting with the applied field 
can be related to the internal structure of the DWs and, in particular, 
Bloch lines within the DWs and their response to the field. Bloch lines 
are spontaneously formed in the DWs, and the vertical field makes 
them move up and down along the DW. It is observed that the DW 
width is enlarged in the vicinity of the Bloch line. This is why a unique 
value for the DW width cannot be determined, as it depends on the 
selected measurement window where the analysis is performed and the 
positions of the Bloch lines. Regarding the experimental analysis, the 
comparison of the tanh and phase fitting treatments for the simulated 
data suggests that the phase retrieval methods can be used to recognize 
Bloch lines in the microscopy data.

The consistency between the two holography methods (inline and 
off-axis) indicates that both can be used to map out magnetic proper-
ties of a magnetic sample (ferromagnetic or not), at least in a semi-
quantitative fashion. Each comes with their own drawbacks. Inline 
electron holography is time consuming as it requires at least 3 images 
at each experimental condition, the TIE reconstruction algorithm is 
more demanding and user-choice-dependent, and the quantification is 
not only dependent on image quality but also on how accurately the 
defocus is known. On the positive side, most TEMs are equipped by 
default to carry out inline electron holography. Even if a Lorentz lens is 
not present, viable imaging conditions can be found in free lens control 
with the objective lens turned off, although resolution might be limited.

On the other hand, off-axis electron holography is only possible 
with an electron biprism and, therefore, it is more costly. However, 
acquisition is faster as it only requires a single image (the object 
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hologram) and a global reference hologram for each data set to re-
move far-field distortions. Alignment of the electron biprism is a bit 
more tricky compared to ordinary TEM alignment as the object and 
reference waves need to correctly overlap in order to obtain a suitable 
interference pattern with sufficient coherence. Finally, image analysis is 
less cumbersome than TIE, as it does not involve differential operators. 
Similar conclusions have been drawn by T. Latychevskaia et al. [49].

Both methods, however, present some challenges in providing accu-
rate measurements of the physical quantities relevant for the analysis 
and interpretation. For example, the value of the magnetic field might 
be uncertain as it is estimated based on the percentage of the full 
power of the objective lens and on external calibration. For small 
fields, however, the error is typically less than 10% [22]. In the TIE 
analysis, the accurate knowledge of the defocus value is crucial to 
produce quantitatively correct results, which also requires a non-trivial 
calibration of the whole microscope in the exact same experimental 
conditions used.

6. Conclusions

Electron holography adds to the value of Lorentz imaging by allow-
ing nanometer-resolution determination of the domain wall widths and 
the magnetic parameters of thin film samples with varying external 
fields. We have used both inline and off-axis electron holography to 
study the domain and domain wall structures in cementite carbides, 
where the strong anisotropy enforces the magnetic configuration in a 
regular striped pattern. Our results indicate that the off-axis holography 
provides results for magnetic domain and domain wall characteristics 
with varying vertical field that match with the theory-based simula-
tions. The inline holography shows more ambiguous results in that 
there is no clear trend from the smallest defocus value towards the 
larger ones. The qualitative picture of the TIE analysis is reasonable, 
nevertheless. The cementite carbide particles show stable domain wall 
structure at least up to 𝐻 = 120 mT. The analysis of the holographic 
data suggests a value for the saturation magnetization 𝑀𝑠 of cementite 
to be 0.5 − 0.6 T, which is around half of the literature value. We 
attribute this deviance to the various assumptions and approximations 
done in our analysis, suggesting that the method to determine 𝑀𝑠 for an 
ellipsoidal particle that protrudes from a thin film is not very practical 
after all.

With the essential magnetocrystalline anisotropy information ob-
tained from the SEM-TKD characterization of the carbides, the micro-
magnetic simulations were successfully used to explain the appearance 
and directionality of the stripe pattern of domain walls in the cementite 
carbide, embedded in the thin iron film. The simulations were also 
used to explain the holography-based DW widths and their deviation 
from the theoretical Bloch wall result as well as the evolution of the 
domain wall width with the varying external field. The simulated 
data was successfully converted to corresponding phase information 
that is obtained through both inline and off-axis electron holography. 
According to the micromagnetic simulations, Bloch lines are formed in 
the domain walls within the carbide. This suggests that the domain wall 
width might not have a well-defined, unique value even as measured in 
the holography experiments. The credibility of the micromagnetic sim-
ulations is challenged by the uncertainty of the material parameters for 
cementite, as discussed in Section 4.3. Especially, the value of exchange 
stiffness was observed to have a major effect on the optimal domain 
size in the simulations, while there is uncertainty in its literature value 
and it needs more accurate determination for more reliable results. Our 
key contribution here is to point out that using the literature values 
for the micromagnetic parameters of cementite fails to reproduce the 
experimental domain patterns, and that by adjusting 𝐴ex one can tune 
the numerical domain pattern to become closer to the experimental 
ones. This highlights the need for further studies of this issue.

Micromagnetic simulations offer valuable insight into the internal 
DW structure that is challenging to approach via Lorentz microscopy 
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or electron holography. For example, the Bloch lines are more or less 
invisible to the microscope. However, the tilting of the domain walls 
in the thickness direction of the sample could, in principle, be assessed 
by tilting the sample inside TEM and recording a series of domain wall 
widths as a function of the tilting angle.

Electron holography can thus be fruitfully employed to explore 
the magnetic structures with nanometer resolution. In spintronics, it 
can be used to validate the behavior of domain walls with varying 
external fields in a device with defects (whether intended or not). 
In magnetic Barkhausen noise research, electron holography could be 
employed to provide detailed information on the domain and domain 
wall structures at the grain boundaries, interfaces, or in the vicinity of 
dislocations. Both of these utilization areas would benefit from detailed 
information gained with characterization to understand the theoretical 
background of industrial measurements and to evaluate better results 
from different end-user cases. We also anticipate that electron hologra-
phy could be used to resolve various magnetic parameters in addition 
to the saturation magnetization. For example, the exchange stiffness of 
a material could be determined based on the domain wall type (Bloch 
or Néel), widths, and tilting fraction once the uniaxial magnetocrys-
talline anisotropy constant is well-defined. This study suggests that the 
resource-demanding off-axis holography can, to some extent, be substi-
tuted by the less demanding inline holography and the related transport 
of intensity equation which, however, requires more manual work at 
the microscope and parameter choices by the user. The yet under-
investigated opportunities of phase retrieval in TEM studies deepens 
our understanding of the magnetic behavior and response to external 
fields of ferromagnetic materials, thus advancing the development of 
spintronic devices and research on magnetic Barkhausen noise for more 
sustainable and energy-efficient future technologies.
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