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Abstract

Experimental techniques for the characterization of three-dimensional (3D) magnetic spin structures are required to advance the performance of
nanoscale magnetic technologies. However, as component dimensions approach the nanometer range, it becomes ever more challenging to
analyze 3D magnetic configurations quantitatively with the required spatial resolution and sensitivity. Here, we use off-axis electron
holography and model-based iterative reconstruction to reconstruct the 3D magnetization distribution in an exemplary nanostructure
comprising an L-shaped ferromagnetic cobalt nanowire fabricated using focused electron beam induced deposition. Our approach involves
using off-axis electron holography to record tomographic tilt series of electron holograms, which are analyzed to reconstruct electron optical
magnetic phase shifts about two axes with tilts of up to +£60°. A 3D magnetization vector field that provides the best fit to the tomographic
phase measurements is then reconstructed, revealing multiple magnetic domains in the nanowire. The reconstructed magnetization is shown
to be accurate for magnetic domains that are larger than approximately 50 nm. Higher spatial resolution and improved signal-to-noise can be
achieved in the future by using more specialized electron microscopes, improved reconstruction algorithms, and automation of data
acquisition and analysis.

Key words: off-axis electron holography, electron tomography, three-dimensional imaging, magnetic vector field tomography, model-based iterative
reconstruction, magnetism, magnetic materials, focused electron beam induced deposition
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integrated magnetic nanowires have been proposed for next-
generation data storage applications (Parkin et al., 2008)
and as physical components for improving machine-learning
efficiency (Ellis et al., 2023). Spintronic computing is being

Introduction

Three-Dimensional Magnetic Characterization
As a result of advances in material characterization, fabrica-

tion, and the discovery of increasingly complex spin textures
such as skyrmions and hopfions (Zheng et al., 2023), there
has been a drive to explore the properties of three-dimensional
(3D) magnetic configurations. Spintronic circuits that contain

developed due to its energy efficiency compared to capacitor-
based electronics (Nikonov et al., 2006). However, most pro-
totypes have been fabricated using two-dimensional (2D)
lithographic techniques and the 3D stacking that would
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benefit commercial implementation has not been optimized.
For example, magnetic racetrack memory (RM) prototypes
have demonstrated storage and manipulation of data carried
by magnetic domains in 2D patterned nanowires. Their exten-
sion into 3D nanowire architectures would increase the stor-
age density per unit area (Gu et al., 2022). As prototypes of
3D magnetic architectures are developed, experimental
measurements of magnetic structure and domain motion are
required to guide further development of RM-type technolo-
gies. The observables that are used to characterize ferromag-
netic samples are related by the equation

B = po(H(M) + M), (1)

where M is the magnetization vector field describing magnetic

moment per unit volume, B is the magnetic induction, and g, is
the vacuum permeability. If no external magnetic fields, con-

duction currents or displacement currents are present, then H
is the demagnetizing field, which is defined by the distribution

of M. It should be noted that, in general, B permeates all space,
while M is local to the sample and has more compact description

than B. X-ray imaging currently allows 3D reconstruction of M
with sub-50-nm resolution using magnetic laminography
(Donnelly et al.,, 2020) and sub-70-nm resolution using
Fourier transform holography (Donnelly et al., 2017; Di
Pietro Martinez et al., 2023). Theoretical predictions estimate
a resolution for X-ray laminography down to 20nm
(Donnelly et al., 2022). In comparison, phase contrast techni-
ques in the transmission electron microscope (TEM) cannot be
used to reconstruct M directly, but have been used to measure
B with a 3D resolution of 10 nm using electron holographic vec-
tor field tomography (EH-VFT) (Phatak et al., 2008, 2010; Wolf
etal., 2019). Micromagnetic simulations are often used to inter-
pret TEM measurements of B (Donahue & McMichael, 1997;
Lyuetal.,2024). Here, we use the alternative approach of apply-
ing model-based iterative reconstruction (MBIR) to reconstruct

a magnetization distribution M from experimental TEM meas-

urements that are sensitive to B rather than M. We discuss how
magnetic and electrostatic signals obtained from electron phase
measurements can be used to improve the accuracy of the recon-
struction, as well as practical limitations to resolution and accur-
acy. Whereas most previous TEM studies have used EH-VFT to

reconstruct B in 3D, we demonstrate the reconstruction of Min
3D by applying MBIR to an EH-VFT dataset.

Model-based Iterative Reconstruction of M

The theoretical development of MBIR for the tomographic re-
construction of M from EH-VFT measurements has been
described in detail elsewhere (Caron, 20184). The most com-
mon phase contrast techniques for magnetic imaging in the
TEM (Lubk & Zweck, 2015; Kohn et al., 2016; Krajnak
etal.,2016; Youetal.,2023; Cuietal., 2024), which are often
collectively termed Lorentz microscopy, all rely fundamentally
on an interpretation of the Aharonov-Bohm effect (Aharonov
& Bohm, 1959), which describes how the phase of an electron
wave is affected by electromagnetic potentials. The interaction
of an electron wave traveling with a magnetic induction field B
results in an electron phase shift ¢,,,,, where

/B x dz":f’;v* (2)

Pmag>
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e is the electron charge, % is the reduced Planck constant, dZ'is
a path element in the incident electron beam direction and the
phase gradient ﬁ(pmag is defined in a 2D plane perpendicular to
the incident electron beam direction. In principle, MBIR can
be applied to results obtained using all Lorentz microscopy
techniques, as they are all sensitive to ¢,,,,,. Here, the recovery
of gy, from off-axis electron holograms is described in the

Materials and Methods section. Typically, H fields are present
and therefore B and M are not equivalent. For imaging condi-
tions where H results only from the M configuration, magnetic

phase effects are considered to arise from the curl(M) compo-
nent parallel to the electron beam direction (McVitie & White,

2003). This curl(M) component, which can be regarded as an

Amperian current, is the origin of the B component that con-
tributes to the electron phase and is associated only with the

sample. The M component of magnetic vortex domain walls
(DWs) has been measured under such conditions (Junginger
et al., 2008), but it required tilting of the sample to evaluate

all of the components of curl(M). The reconstruction error de-
pends on the type of sample, the angular imaging range and
the correction of TEM instrument misalignments. If a nano-
structure can be tilted incrementally to high angles and ¢,,,,,
is detected from all parts of the sample, then all the informa-
tion that is needed for reconstruction can be obtained from
the phase measurements. Simulation-based error estimates
for this experiment are discussed in the Materials and
Methods section and the Supplementary Material S1.

The workflow for the reconstruction of M (Fig. 1) includes:
1) Processing and alignment of experimental data to construct
a 3D geometrical model of the sample; 2) MBIR reconstruc-
tion of the M distribution that best matches the experimental
data; 3) Optimal estimation diagnostics for evaluating recon-
struction errors. The theory of applying MBIR for M recon-
struction has been developed and tested extensively using
simulated datasets (Caron, 2018b). The present work is an ex-
perimental development, which addresses several sources of
error, such as those caused by sample alignment (Diehle
et al., 2021), sample drift, and surface damage. It also builds
on other previous work on the 3D reconstruction of M from
experimental electron microscopy data (Mohan et al., 2018).

Null Spaces in Electron Phase Measurement

In Lorentz microscopy, some configurations of M
(Mansuripur, 1991) contribute no signal to experimental
measurements made in projection and can be described as
null spaces, where M may be reconstructed falsely as being
close to zero (Caron, 2018c¢). In such projections, the vector
components of M can sum to zero or have nonzero divergence
of M. In some cases, tilting the sample can reveal the hidden
components. However, divergent components can remain un-
detectable even when tilting of the sample is used. As a result,
some configurations of M, such as Néel-type magnetic domain
walls, cannot be reconstructed fully because they contain some
states of M that do not create a detectable TEM signal in any
projection. It has been observed experimentally (McVitie et
al., 2018) and proven mathematically (Caron, 2018¢) that
Néel-type magnetic domain walls in both out-of-plane and
in-plane magnetised films include eigenstates of the M distri-
bution that do not result in electron phase shift. Such states
cannot be reconstructed without making use of additional
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Fig. 1. Workflow for 3D magnetization reconstruction. The large red boxes indicate the primary processing steps: alignment, reconstruction using MBIR,
and diagnostics. The individual steps are shaded to indicate the data type that is being processed: two-dimensional phase images (green), 3D magnetic
vector fields (blue) and a 3D electrostatic scalar field (yellow). Datasets are processed to generate both a geometrical mask that defines where the
magnetic material is located and a series of magnetic phase shift measurements corresponding to Bfield projections. At each iteration, a distribution of M
is generated, and then its magnetic phase shift is simulated and compared to the measurements. The iterations are repeated until an optimal M is found.
Optimal estimation diagnostics are performed to assess random and systematic errors in the reconstruction. The reconstruction is improved by accurate

alignment of the experimental data.
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Fig. 2. FEBID in a scanning electron microscope (SEM). Cobalt is deposited locally where the electron beam interacts with solid material. The electron

beam is translated to control the location of the deposited material.

constraints, and examples of the application of MBIR to such
states are discussed in the Supplementary Material S2. It
should be noted that null spaces are not present in the experi-
mental reconstruction described in this article.

Materials and Methods

Sample Fabrication and Characterization

An L-shaped intersection between ferromagnetic cobalt nano-
wires was studied, as it is similar to an element of a 3D race-
track memory configuration, in which structural features
can act as magnetic domain wall pinning sites. In order to
permit TEM imaging of magnetic states at such pinning sites,
free-standing cobalt nanowires were fabricated on a copper
substrate using focused electron beam deposition (FEBID) in
a scanning electron microscope (SEM) (Skoric et al., 2020;
Magén et al., 2021). As shown in Figure 2, a precursor gas
is injected into the SEM chamber and cobalt is deposited at
locations where the electron beam interacts with the sample.
The geometry of the deposited structure is controlled by
translating the electron beam in a controlled manner using
the SEM scan coils. The structure shown in Figure 3a, which
consists of two intersecting nanowires, was defined using

computer-assisted design (CAD) (Skoric et al.,2020) and de-
posited by electron irradiation of a Co, (CO)g precursor in an
FEI HELIOS Plasma focused ion beam SEM. Deposition was
performed using a 30 kV electron beam with a 690 pA beam
current and a 6x107° Pa chamber deposition pressure. The
dimensions and morphology of the sample were determined
by imaging the intersection from multiple tilt angles in the
SEM, such as the top-down image show in Figure 3b.
Scanning TEM electron energy-loss spectroscopy (EELS)
was used for chemical analysis of the green and red boxed re-
gions marked in Figure 3a to obtain an elemental map
(Fig. 3d) and cross-sectional line profiles (Fig. 3e). The
EELS results show that the nanowire core has a cobalt purity
in the range of 45 to 60%, while the surface is covered in a
shell of carbon and oxygen. The radial dependence of the co-
balt content in the cross-sectional elemental map shown in
Figure 3e suggests that the deposition was performed in
the beam-limited FEBID régime (Serrano-Ramoén et al.,
2011), in which the material that receives the highest radi-
ation dose during deposition has the highest purity.
Off-axis electron holography was performed to image the lo-
cal magnetic configuration of the sample. Prior to imaging in
the TEM, the sample was saturated magnetically by applying
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Fig. 3. Dimensions, morphology and chemical analysis of an L-shaped cobalt nanostructure fabricated using FEBID. (a) Bright-field TEM side-view image.
The marked regions correspond to the elemental map (green square) and cross-sectional line profile (red rectangle) shown in (d) and (e), respectively. (b)
SEM top-down image of the tip of the sample. (¢) Magnetic phase contour image recorded using off-axis electron holography, displayed as cos(6¢y,,4). The
colors show the direction of the projected in-plane B field. The sample outline is marked. (d) EELS elemental map of the tip, showing the distributions of
Co, O, and C. (e) Cross-sectional EELS elemental line profile, showing that the central 90 nm of the nanowire has a cobalt content of between 45% and

60%.

a 1 T magnetic field in the plane of the nanowire perpendicu-
lar to the substrate and relaxed into the magnetic state
shown in Figure 3¢c. The magnetic contribution to the phase
image records the gradient of the projected in-plane compo-
nents of B, according to equation (2). It is affected by local
variations in cobalt purity, projected sample thickness and
the orientation of curl(M). As the present sample contains
a head-to-head magnetic domain wall with a vortex config-
uration, tomographic reconstruction is needed for full mag-
netic characterization.

Electron Holographic Vector Field Tomography

In this work, off-axis electron holography (Dunin-Borkowski
et al., 2019) is chosen as the preferred magnetic characteriza-
tion technique because it measures the electron phase shift
directly and has a high phase sensitivity of 0.016 radian
root-mean-square noise for a 10 s exposure time per phase im-
age. It also causes minimal sample damage when using a low
electron flux of 200 e/nm?/s. Tilt series of off-axis electron
holograms for EH-VFT were recorded using an FEI Titan
G2 60-300 TEM at 300 kV. A voltage of 100 V was applied
to the biprism, resulting in electron holograms (Fig. 4a) with
an interference fringe spacing of ~ 3.1 nm, as shown in the
left inset to Figure 4a. The phase shift (Fig. 4b) was determined
from the inverse fast Fourier transform (FFT) of one of the
sidebands of each hologram, as shown in the right inset to

Figure 4a (Mitchell & Schaffer, 2005; Boureau et al., 2018;
Dunin-Borkowski et al., 2019). At each sample position, five
holograms with individual exposure times of 2s were re-
corded and the corresponding phase images were averaged
to reduce the effects of statistical noise. A large TEM pole-
piece gap (~ 11 mm) and a dedicated tomography holder
(Diehle et al., 2021) allowed the sample to be tilted by 360°
about the holder axis without removing it from the
microscope.

Tilt series of off-axis electron holograms were recorded at
10° tilt increments over two orthogonal arcs. The effective
maximum tilt angles were limited to between —60° and 30°
and to between —60° and 0°, as the sample was shadowed
by the holder and the substrate. For each arc, holograms
were recorded at the same tilt angles before and after turning
the sample over, in order to enable phase shift separation,
which is described below. The second arc was recorded to re-
duce missing wedge artifacts and to prevent projection-based
null spaces (Caron, 2018c¢). Simulations of samples compris-
ing uniformly magnetized nanowires and vortex
configurations have shown that the use of smaller tilt incre-
ments has a negligible impact on reconstruction quality
(Caron, 2018b). Furthermore, simulations presented in the
Supplementary Material S1 show that if a 10% difference be-
tween the volumes of the sample and its geometrical model is
assumed then the difference between the reconstruction of M
and the ground truth is on average less than 10% per voxel.

G20z aunf z| uo 1sanb Aq €609 8/€0SZ0/E/LE/[0IME/WEW/ WO dNO"DIWSPED.//:SA]Y WO PAPEOjUMOQ


http://academic.oup.com/mam/article-lookup/doi/10.1093/mam/ozaf043#supplementary-data

Aurys Silinga et al.

op
=

a
a=3
=

e
£
<

Phase shift, radians

—— Electrostatic
—— Magnetic

\’0.2/nm -100  -50

Radius, nm

50 100

Fig. 4. Off-axis electron holograms and alignment of phase images. (a) Off-axis electron hologram formed by the interference of two electron waves, one
of which has passed through the region of interest on the sample. The insets show a magnified version of the region inside the red box (lower left) and an
FFT of the electron hologram (lower right). The green circle in the FFT marks the sideband that was used to calculate (b). (b) Total phase image obtained
from an inverse FFT of the sideband. The inset shows a line profile of the electrostatic and magnetic contributions to the total phase shift along the blue
line. (c) Steps in the alignment of phase images recorded before and after flipping the sample by 180° to separate the electrostatic and magnetic
contributions to the phase. Image distortions resulting in misalignment (top) are corrected by applying an affine transformation (bottom).

In order to separate the electrostatic and magnetic contribu-
tions to the phase images, off-axis electron holograms were re-
corded before and after turning the sample by 180°. This
approach changes the sign of the magnetic contribution to
the total phase shift, based on the expression (Aharonov &
Bohm, 1959; Weyland & Midgley, 2016),

9%, Y) = 0o V) + Prgg(A)

=2 v dz++ [A iz, P
=55V y, 9 de+ o [Alx, y,2) - 3

where ¢,(V) and ¢mag(g) are the electrostatic and magnetic
contributions to the phase shift, respectively, v is the relativis-
tic electron speed and dz and dZ'are scalar and vector elements
of the electron path, respectively. For a pair of such reversed
holograms, half of the sum and half of the difference of the
measured phase images represent ¢, and ¢,,,,, respectively.
Unfortunately, physically turning the sample over by 180° in-
troduces misalignments between the phase images. These mis-
alignments were corrected by using an automated Python
script to identify matching features at the sample edges (van
der Walt et al., 2014; de la Pena et al., 2019; Paterson et al.,
2020). Linear distortions caused by the misalignment of the
electron optical system of the TEM were corrected by using
an affine transformation to provide an optimal match between
the edges of each phase image pair, as shown in Figure 4c¢. In
the present study, the images were found to be elongated by
2% in a direction that forms a 75° angle with the tilt axis
by tilting a calibration sample by 180° and tracking fiducial
markers. By applying the affine transformation, phase separ-
ation artifacts were reduced to below the noise level, such
that they were not detectable in line profiles. This approach

ensures a consistent separation of ¢, and ¢,,,,, as shown in
the inset to Figure 4b. All necessary software packages are
listed in Supplementary Material S3, and examples of inter-
mediate steps of the hologram-to-phase calculation are shown
in Supplementary Material S4.

Alignment of Phase Images

As each ¢,,,, image can have non-rectangular borders or con-
tain pixels where the hologram-to-phase calculation resulted
in errors, a confidence mask was used to identify the areas in
each ¢,,,, image that contained reliable measurements. Each
¢, image was first flattened to remove background ramps re-
sulting from effects such as electron-beam-induced charging
and the perturbed reference wave. A threshold was then used
to define a mask that identified where the sample is located
at each tilt angle. If elemental mapping was performed, as
shown in Figure 3e, then the threshold could be fine-tuned to
include only ferromagnetic material in the mask. These binary
masks were used for aligning the phase images in each tilt ser-
ies. Since the present phase images have a spatial resolution of
no better than 6 nm due to the chosen hologram fringe spacing,
tomographic reconstruction was found to be highly sensitive to
small image misalignments. Furthermore, the sample orienta-
tion was not known precisely during acquisition, as only rela-
tive tilt angles between phase images A9; were measured. The
projection positions shown in Figure 5a were therefore refined
by using an axial-symmetry-based implementation of the com-
mon lines method (Penczek et al., 1996). As illustrated in
Figure 5b, at every sample tilt angle Af; there is a unique pro-
jection orientation o;, and the two are related via geometrical
parameters: ¢ is the observed detector rotation relative to the
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Fig. 5. Alignment of tilt series of phase images and generation of a 3D geometrical model of the sample. (a) Schematic diagram showing the angular
position and sample outline of each phase image used in the reconstruction. The direction of the electron beam is shown by a red line. The arcs of rotation
of the sample are shown by black arcs. (b) Rotations that define the projections for a conically symmetrical element, showing the sample tilt Ag;, the
projection direction a; and the rotation between the detector and the tilt axis ¢. (¢) The center of an axially symmetrical part of the sample can be identified
in each projection and used to align the projections. (d) 3D tomographic reconstruction of the masks in the aligned projections performed to generate a
model representing the sample geometry. A 10.2 nm voxel size was used because features smaller than 10 x 10 x 10 nm cannot be resolved in the
present study, in part due to tomographic misalignment. The use of a smaller voxel size would not improve the spatial resolution.

sample tilt axis; 6 is the starting tilt of the sample; ay is the
sample orientation at 0° tilt. o; can be measured by finding
the sample symmetry axis from the electrostatic phase maps,
as shown in Figure 5c. The equation

tan (o; + ¢) = tan (ag + ¢) cos (6y + AG)) 4)

is then true for all projections and can be solved to find un-
known constants (ag, @, 0p) defining the absolute sample orien-
tation. For a single tilt series i € [1, ..., n] and, if the number
of projections 7 > 3, the system of equations is over-defined and
can be solved numerically by using multivariate minimization
(Virtanen et al., 2020). Once they have been aligned, the elec-
trostatic phase images can be back-projected to compute a sca-
lar computed tomography (CT) reconstruction, as shown in
Figure 5d, which defines the geometry of the sample. In order
to correct for missing wedge artifacts, the geometrical model
(Fig. 5d) can be cropped to match the sample dimensions ob-
served in the SEM images (Fig. 3b). The refined model is used

in the reconstruction of M to define where the magnetic material
is located. As the alignment algorithm is imperfect, blurring of
features is observed and the 3D spatial resolution of the CT re-
construction is poorer than the 6 nm 2D resolution of the phase
images. As using a smaller voxel size did not improve the reso-

lution of M, the reconstruction uses a 10.2 nm voxel size.

Three-Dimensional Reconstruction of M

In order to reconstruct the 3D distribution of M, a forward
model was used to simulate tilt series of magnetic phase images
based on the geometrical 3D model of the sample (Fig. 5d)
(Caron, 2018d). In order to determine the best-fitting values
of M in the model that would simultaneously satisfy all of

the magnetic phase measurements, a cost function that could
be minimized to determine the closest fit was defined accord-
ing to the expression

C= Z((pi,meas - (pi,Sim(M))z

+1 ) (VM; - VM;) + Jovar(|M]),

]

(5)

where C is the cost to minimize, M; are the magnetization vec-
tor field components, ¢, are the phase image pixels, 1 are the
regularizer weights, V is the gradient operator, and “var” is
the variance operator. As there are multiple equivalent solu-
tions, regularizing terms were added to favor solutions that ex-

hibit a low gradient and a low variance in the magnitude of M.
The low gradient was chosen to favor ferromagnetic solutions,
while the low variance was chosen to favor solutions compris-
ing similar materials. The cost function was minimized by us-
ing a conjugate gradient method (Nocedal & Wright, 2006)
and initialized with M = 0. The regularizer weights (1 in equa-
tion (35)) could be varied over 3 orders of magnitude and the
reconstruction retained the same features, confirming that
the solution was measurement-based. The reconstructed 3D

distribution of Mrec was obtained for 41 = 1, which is the min-
imum value needed to lift the degeneracy between ferromag-
netic and ferrimagnetic order, while 1, = 0.1 reduces surface
artifacts without affecting the rest of the reconstruction.
Figure 6a shows that the sample contains multiple magnetic
domains and that the magnitude of M. is greatest at the lower
part of the intersection (denoted by the length of the arrows),
in agreement with the radial cobalt distribution shown in
Figure 3e. In order to view the positions of magnetic domain
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Fig. 6. Reconstructed 3D magnetization distribution Mrec in the cobalt nanostructure. The reconstruction is a 3D vector field, which maps the directions
and magnitudes of the magnetic moments inside the sample. (a) 3D M vector field. (b) Maximum angle between neighboring spins, projected along the
zand yaxes. The dashed lines follow the core of the vortex-type magnetic domain wall. (¢, d) Single-plane slices of the M. vector field shown with full
spatial resolution. The insets mark the locations of the slices. The vortex core is marked as in (b). Large blue arrows mark where the slices intersect the
vortex core, which intersects the top slice (¢) once and the bottom slice (d) twice. The star in (d) denotes a voxel selected for diagnostics of the

reconstruction.

walls inside the structure, angles between pairs of neighboring
vectors were computed. The maximum angles are shown in
Figure 6b. An angle of ~ 90° identifies the core of the vortex
domain wall, while the dashed blue line shows the direction
of the core, which corresponds to the curl(M,e) direction in
sub-volumes around the vortex core. The magnetic vortex
state occupies the full ~ 200 nm x 200 nm x 100 nm volume
of the nanowire intersection. The U-shaped vortex core has
a length of 350 nm. Figures 6c-6d shows z slices extracted
from M, at the full resolution of the reconstruction, contain-
ing intersections with the vortex magnetic domain wall.

Diagnostics of the Reconstruction

The influence of noise on the resolution of the reconstruction
was assessed by using a Fourier shell correlation. This ap-
proach involved halving the 3D M, dataset through random
sampling and interpolating the missing values. Figure 7 dis-
plays an estimate of the signal-to-noise ratio (SNR) per spa-
tial frequency band in the 3D reconstruction volume. The
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Fig. 7. Fourier shell correlation evaluation, showing that reconstructed
features larger than 14.8 nm can be interpreted directly.

correlation is plotted relative to the § bit SNR threshold com-
monly used in X-ray tomography (van Heel & Schatz, 2005).
It reveals that any feature larger than 14.8 nm has sufficient
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Fig. 9. 3D point spread function, showing the spatial distribution of
information content for the voxel denoted by a star in Figure 6d. For the
present dataset and reconstruction procedure, the information contained
at this point in space is spread over a volume with an average FWHM of
43 nm, in part due to computational limitations.

SNR to be interpreted directly. The resolution limit of ~ 1.5
pixels due to noise is regarded as conservative, since noise is
suppressed in regularized reconstructions. Hence, systematic
uncertainties are also considered. If the angle between neigh-
boring atomic spins is larger than 30°, then the micromag-
netic energy expressions are no longer valid (Donahue &
McMichael, 1997). The maximum spin angle in Figure 6b
corresponds to the positions of domain walls and suggests
that the calculations are valid in most of the sample, although
voxels at the core of the vortex are not resolved.

Other uncertainties can be identified by using optimal esti-
mation diagnostics (Ungermann et al., 2010), by assuming
that all M vectors and phase image pixels have probability
density functions that can be described by a normal distribu-
tion. The reconstructed magnetization Me. can be expressed
as the true distribution of M transformed by an averaging ker-
nel matrix A, which is further affected by measurement errors
€, according to the error gain matrix G:

Mec = AM + Ge. (6)

A and G were determined for the Mrec vector denoted by a star
in Figure 6d, which has yyM;=0.78 T and is well resolved
with a maximum spin angle of 13°. G is used for linear error

propagation because it expresses the error on a single M vec-
tor as a function of error on every pixel in experimental phase
measurements. The phase measurement noise of 0.016 rad per
pixel was determined by calculating the standard deviation of
the vacuum measurements and is mapped by G to a u,M; error
of 0.001T. The experimental and simulated phase images
used in the cost function in equation (5) cannot match perfect-
ly due to experimental misalignments, resulting in a residual
distribution Fig. 8 corresponding to a root mean square error
of 0.38 rad. Forcing the reconstruction to match any one im-
age perfectly would, on average, introduce a perturbation
that maps to a uyM; error of 0.009 T. A is a measure of spatial
averaging during the reconstruction and shows that, in order

to calculate a single Z\_/irec vector, information is taken from a
volume around the central position, as illustrated in Fig. 9.
For this voxel, the point spread function has an average
full-width-at-half-maximum (FWHM) of 43 nm. The evalu-
ation of A is equivalent to changing the value of one voxel

of My and repeating the reconstruction to quantify systemat-
ic errors. As error propagation and perturbation mapping for
other voxels yields similar results, the «,M; measurement pre-
cision is determined to be 0.01 T per pixel and the spatial reso-
lution to be better than 50 nm.

For the present dataset, it would have been possible to per-
form the reconstruction with a voxel size of 5.1 nm instead of
10.2 nm. However, smaller voxels would have been affected
more strongly by noise and phase image misalignments, result-
ing in reduced precision per pixel. During reconstruction,
gradient regularization is needed to obtain ferromagnetic sol-
utions. However, it also suppresses noise, applies smoothing
to sharp features, and can be adjusted to vary the trade-off be-
tween precision and spatial resolution. If the precision for
smaller voxels were to be increased to 0.01T by adjusting
the regularizer weights, it would result in a similar spatial reso-
lution, which is largely independent of voxel size for voxels
smaller than 10 nm. This behavior is attributed to remaining
uncorrected phase image misalignments, which result in the
smoothing of features in the reconstruction. By using a 10.2
nm voxel size, the MBIR algorithm computes a reconstruction
in 3 h using one core of an Intel i7 central processing unit
(CPU). The algorithm optimizations are discussed in the
Supplementary Material S5. Achieving a higher resolution
would require more advanced image drift and distortion
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Fig. 10. Distribution of magnitudes of the reconstructed magnetization
distribution Mec, shown for all of the voxels in the sample in blue, and for
the voxels in the nanowire on the left side of Figure 6a in red. The bin size
is 0.02T. The distributions result from material composition variations
and reconstruction artifacts.

correction, optimized reconstruction software that computes
faster, and the cumulative acquisition of larger datasets.

Results

Uniform Region Reconstruction

As described in the preceding section, EH-VFT and MBIR
were used to record and reconstruct the 3D distribution of
M;ec in a sample comprising two intersecting nanowires.
Figure 3e shows that the nanowires contain a mixture of co-
balt and organic compounds, which transitions from a 60%
cobalt content in the core to a pure carbon shell at the surface.
Since the cobalt is dispersed within the carbon matrix in nano-
crystalline form (Pablo-Navarro et al., 2018) and bulk cobalt
has yyM;=1.75T (Pablo-Navarro et al., 2018), the nano-
wires should exhibit pyM;<1.1T, as observed for the
nanowire distribution in Fig. 10. The few outliers with
uoM; > 1.1 T are likely to be artifacts at the interface between
the magnetic material and the vacuum region, where magnetic
voxels that are designated as nonmagnetic force the recon-
struction to increase the value of M locally. In other parts
of the sample, surface voxels contain nonmagnetic material
where M; is close to zero. Surface reconstruction artifacts
are present in part because missing wedge correction for
the geometrical model is not perfect, as discussed in the
Supplementary Material S1. The threshold for creating the
3D geometrical model shown in Figure 5d was refined after
the first reconstruction, so that similar amounts of over- and
underestimating surface artifacts were present. A discussion
of the threshold for the geometrical model and a line trace
showing surface artefacts are included in Supplementary
Material S6. Such surface artifacts are also identifiable for
the full sample, as voxels with gyM; > 1.75T, as shown in
the histogram in Fig. 10. Such errors could be reduced in the
future by using smaller voxels and improved tomographic
alignment and distortion removal algorithms. Both nanowires
have single magnetic domain configurations at a distance of
200 nm from the intersection, with yyM; =0.7 £ 0.2 T in the
left nanowire and yyM; =0.5 £ 0.2 T in the right nanowire.
M; has previously been measured for varying cobalt contents
of FEBID nanowires (De Teresa et al., 2016; Pablo-Navarro
et al., 2018), but the measurements were corrected to exclude
the nonmagnetic shell. The latter correction can be replicated

by assuming that in Figure 3e the compositional line profile
corresponds to a circular-cross-section nanowire with a
100-nm-diameter magnetic core, resulting in an estimated
average cobalt content of 61% with 4% standard deviation,
which would correspond to 1yM; = 0.5 + 0.1 T. The recon-
structed value of M, is consistent with the predicted values,
but shows a higher standard deviation due to surface artifacts.

Multi-domain Reconstruction

The primary advantage of reconstructing Mrec is to allow the
visualization of local variations in magnetic domains and the
twisting of magnetic domain walls. Figures 6a and 3c are pro-
jected along the z axis. The close-to-anti-parallel M, vectors
in Figure 6a explain the phase shift variations at the nanowire
intersection in Figure 3¢. The curl(M,) direction in Figure 6b
shows that in Figure 3c only part of the vortex has its curl ori-
ented close to the z axis, while the other part is more in-plane
and requires imaging about a second tilt axis for a sufficient
signal to be detected. The magnetic vortex core is curved to fa-
vor its positioning at the protrusion at the bottom of the inter-
section, which is considered to be a domain wall pinning site.
The limited spatial resolution is evident in Figure 6¢, where the
vortex core has a lower value of M; than the surrounding ma-
terial due to spatial averaging of vector components of oppos-
ite sign. This averaging is a result of the regularization in
equation (5), in which the preferential selection of solutions
with low gradients introduces smoothing. Although this
smoothing is necessary to constrain solutions for M, to retain
ferromagnetic ordering, the averaging of anti-parallel vectors
offsets M values at the vortex core. In the present experiment,
the M; offset due to spatial averaging is negligible when com-
pared to variations in material composition. The elemental
map shown in Figure 3d indicates that the cobalt content at
the intersection is elevated to 70 + 15%, with a predicted
1oM;=0.8+0.5T (De Teresa et al., 2016; Pablo-Navarro
et al., 2018; Donnelly et al., 2022), in close agreement with
the value of uoM; = 0.9 = 0.3 T measured from the reconstruc-
tion. The correlation between M, and the atomic Co content is
consistent with previous work, as shown in Supplementary
Material S6. The magnetic domain wall occupies the full
~ 200 nm width of the intersection, which is comparable to
the ~ 100 nm magnetic domain wall width of transverse
head-to-head domain walls that previously observed using
magnetic X-ray laminography in 80% purity FEBID cobalt
nanowire double helixes (Donnelly et al., 2022). In summary,
MBIR has provided accurate measurements of M for a
U-shaped vortex magnetic domain wall of width 200 nm,
but is less sensitive to sub-50 nm M; variations in the present
study due to limitations in spatial resolution and sensitivity
that can be overcome in future experiments.

Discussion

Algorithm Improvements

The 3D spatial resolution of the reconstruction could be im-
proved significantly by reducing the voxel size, as this would
reduce the extent of spatial averaging. Since imposing ferro-
magnetic ordering requires a comparison of neighboring vox-
els, the resolution is limited to approximately three times the
voxel size. Therefore, a 3D resolution of 3 nm would be pos-
sible if a 1 nm voxel size were used. Such a resolution improve-
ment would increase the computation time by a factor of one
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thousand. However, the MBIR algorithm can be parallelized
to benefit from computing on dedicated servers and conjugate
gradient minimization could be replaced by a linear least
squares solver to reduce the number of minimization steps if
the variance regularization in equation (5) was removed
(Virtanen et al., 2020). The current symmetry-based tomo-
graphic alignment shows up to 10 nm image alignment errors
when applied to samples comprising more than a single cylin-
drical nanowire. More general algorithms would be suitable
for other samples (Penczek et al., 1996; Houben & Sadan,
2011). Off-axis electron holography can provide measure-
ments of phase shift with sub-nm spatial resolution by redu-
cing the interference fringe spacing on a dedicated electron
microscope (Dunin-Borkowski et al., 2019), ultimately with
atomic spatial resolution in magnetic-field-free conditions
(Tanigaki et al., 2024).

Outlook

The present study provides a quantitative reconstruction of
the 3D distribution of M for a cobalt nanostructure using
EH-VFT. Similar datasets have previously been used to recon-
struct 3D distributions of B (Prabhat et al., 2017; Wolf et al.,
2019; Lewis et al., 2023). 3D reconstructions of M were tested
for a range of nanowires of varying purity. A nanowire inter-
section was chosen for this article, as it combines the complex-
ity arising from the nonuniformity of the material with the
possibility of projection-based null spaces from a 3D vortex
magnetic domain wall. The reconstruction is shown to be ac-
curate based on 16 projections with a 10° angular spacing over
two tilt axes with sub-50-nm spatial resolution. For other
nanostructures, the reconstruction of M is likely to be possible
if the following conditions are met:

¢ The sample geometry must be defined. Errors arising from
an inaccurate geometrical model are discussed in the
Supplementary Material S1.

e The phase shift arising from all components of M must be
measured. In general, two complete tilt series are neces-
sary. In the case of uniform nanowires and vortex states,
lower tilt ranges are viable, but the reconstruction error is
then increased, as discussed in the Supplementary
Material S1.

¢ There should ideally not be external magnetic fields, or con-
duction or displacement currents, in the sample, in order to

ensure that the measured phase shift is solely due to M.
¢ The sample must be ferromagnetic. This is a requirement
for the MBIR algorithm.

If null spaces are present, then they only affect the correspond-
ing sub-volume, as discussed in the Supplementary Material
S2. The ferromagnetic nanostructure shown in this article sat-
isfies the above conditions because the sample dimensions
were measured during fabrication and were used to correct
for missing wedge artifacts in the geometrical model, while
the configurations of M that are present in the sample do
not create null spaces and can, in principle, be reconstructed
with an error of less than 1% when imaged over +60° tilt
arcs. In addition, the sample is isolated from other material
that may accumulate charge or be magnetized. B

Previous works have shown 2D reconstructions of M
(Kovdcs et al., 2017; Song et al., 2018), while an alternative

Microscopy and Microanalysis, 2025, Vol. 31, No. 3

MBIR implementation (Mohan et al., 2018) has provided
only a qualitative 3D reconstruction. Micromagnetic simula-
tions (Wolf et al., 2022; Lyu et al., 2024) are a common ap-
proach to 3D quantification but require a knowledge of the
magnetic properties of the material, whereas MBIR can, in
special cases, reconstruct M without such prior knowledge.
Quantitative measurements have been reported using both
X-ray and neutron tomography (Donnelly et al., 2017,
Hilger et al., 2018; Donnelly et al., 2020, 2022; Di Pietro
Martinez et al., 2023), with a spatial resolution of 50 nm for
X-ray laminography. Our MBIR results are consistent with
X-ray tomography results and micromagnetic simulations of
similar FEBID nanostructures (Donnelly et al., 2022). When
experimental and computational limitations are resolved to
improve spatial resolution, MBIR would be uniquely suited
to characterize 3D magnetic nanostructures, such as nanowire
junctions, interfaces in nanoparticles, Bloch-type skyrmions
on curved surfaces, and hopfions. In total, this method recon-
structs projections of B, projections of electrostatic potential,
3D distributions of M, and 3D geometry of nanostructures.

Conclusions

Model-based iterative reconstruction has been applied
and further developed to measure the 3D distribution of mag-
netization M in a FEBID ferromagnetic nanostructure from
multiple projections of the magnetic induction field recorded
using off-axis electron holography. The effect of null space
limitations on the uniqueness and accuracy of the reconstruc-
tion has been assessed. The results are in agreement with X-ray
tomography results obtained from similar structures. Optimal
estimation diagnostics show that the reconstruction has a pre-
cision of 0.01 T at each voxel. The present spatial resolution of
several tens of nanometers is restricted primarily by computa-
tional limitations and can be improved greatly in future ex-
periments (towards the atomic scale) by using a smaller
voxel size, more specialized electron microscopes, and im-
proved image processing.
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