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ABSTRACT

The quantitative measurement of magnetization in magnetic nanostructures plays a crucial role in advancing both fundamental
understanding and applied research. Off-axis electron holography in a transmission electron microscope enables the retrieval of magnetic
phase shifts induced by magnetic induction fields, thereby allowing precise quantification of magnetization. Using magnetite (Fe;O4) nano-
particles as a model system, we use off-axis electron holography to demonstrate three complementary methods for quantifying the magnetic
properties of nanoparticles. These methods are the simple geometric approximation, the magnetic phase gradient integration, and the model-
based iterative reconstruction, each providing unique capability, ranging from the rapid estimation of in-plane magnetic induction to highly
detailed spatially resolved magnetization maps. We analyze the strengths, the limitations, and the applicability of each approach, emphasizing

the potential of integrating these methods for a comprehensive analysis of the magnetization of nanomaterials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0266886

The precise measurement of magnetic moments at the nanoscale
is fundamental to materials science and nanotechnology. At this scale,
magnetic properties differ significantly from those of bulk materials,
giving rise to phenomena such as superparamagnetism,” enhanced
magnetic anisotropy, and quantum mechanical effects,”” which are
critical for advancing data storage, spintronics, and biomedical applica-
tions. Accurate quantification of magnetic moments is essential for
understanding nanoscale magnetic systems and optimizing their per-
formance.”

However, nanoscale measurements present significant challenges.
Weak, localized magnetic fields require sensitive methods with
nanometer-scale spatial resolution.”” Conventional techniques, such
as superconducting quantum interference device magnetometry and
vibrating sample magnetometry, lack the necessary spatial resolution.
Although scanning probe methods like magnetic force microscopy
and Kerr microscopy offer improved resolution, they primarily detect
stray field gradients or surface signals and do not directly probe the
internal magnetization distribution.

Transmission electron microscopy (TEM)-based techniques pro-
vide more direct access to magnetic information with high spatial

resolution. Differential phase contrast (DPC) imaging and electron
magnetic circular dichroism (EMCD) are effective for probing mag-
netic properties.”'” DPC directly maps magnetic induction with high
spatial resolution, while EMCD provides insights into spin and orbital
moments through electron energy-loss spectroscopy. In addition, a
range of computational phase retrieval techniques has been developed
for magnetic imaging using Lorentz TEM and four-dimensional scan-
ning transmission electron microscopy. These methods provide
improved phase sensitivity and spatial resolution and have been
employed to reconstruct complex magnetic textures, including non-
collinear spin configurations and topological defects in skyrmion sys-
tems.'' "

Among various TEM-based techniques, off-axis electron hologra-
phy (EH) is well established as a powerful method for analyzing elec-
tromagnetic fields in nanoscale materials." > By using an electrostatic
biprism to interfere an electron wave passing through the sample with
a reference wave, EH encodes phase shifts related to both electrostatic
potentials and magnetic vector potentials. This enables simultaneous
high-resolution mapping of electrostatic and magnetic fields,"” making
EH ideal for studying magnetic nanostructures.
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In this work, we apply off-axis electron holography to quantita-
tively analyze the magnetic properties of Fe;O4 nanoparticles using
three complementary methods: the geometric approximation, mag-
netic phase integration, and model-based iterative reconstruction
(MBIR).”"** The geometric approximation provides a rapid estimate
of projected in-plane magnetic induction, suitable for initial assess-
ment. The magnetic phase integration enables model-independent
measurements of total magnetic moments, particularly for irregularly
shaped particles or complex domain structures. The MBIR method
achieves high spatial resolution, offering detailed magnetization maps
of individual nanoparticles. By combining these methods, we are able
to rapidly assess the magnetic moment distribution at the nanoscale
and perform detailed analysis.

Off-axis electron holography in a transmission electron micro-
scope is commonly used for quantitative analysis of electric and mag-
netic fields in nanostructures. Figure 1(a) shows a schematic of the
experimental setup, where part of the electron wave interacts with the
sample, and the other part passes through the vacuum as a reference
wave. The resulting interference pattern encodes phase differences pro-
portional to the projected electrostatic potential V(r) and magnetic
vector potential A(r) as shown by”’

V(r)dz — —

—00 0

+00 +00
i J A(r) - dz, (1)

o(r) = Ce |
—00
where ¢(r) is the phase shift, Cp is an interaction constant that
depends on the accelerating voltage of the electron microscope
(Cg = 6.53radV ! um™! for 300kV electrons), ¢, is the flux quan-
tum h/2e = 2.07 x 10°Tnm?. The electrostatic potential V/(r)
includes the mean inner potential (MIP) of the sample and electro-
static stray fields,” while A,(r) is the z-component of the magnetic
vector potential. The first term represents the electrostatic contribu-
tion, and the second term corresponds to the magnetic contribution.
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FIG. 1. (a) Schematic diagram illustrates the off-axis electron holography setup. (b)
The in situ magnetization process, which involves tilting the specimen and applying
magnetic fields to the specimen by activating objective lens. (c) and (d) A pair of
reconstructed total phase images of the specimen, with reversed magnetization
states. (€) and (f) Corresponding electrostatic and magnetic phase images, respec-
tively, obtained by calculating half of the sum and half of the difference between the
phase images in (c) and (d). The scale bar represents 100 nm.
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This phase information allows detailed mapping of the electrostatic
and magnetic fields within and around nanostructures.

Off-axis electron holograms were acquired in Lorentz mode using
an aberration-corrected FEI Titan 80-300 transmission electron
microscope equipped with a holography setup at Forschungszentrum
Jiilich. The microscope features an ultra-high brightness field emission
gun and a wide-gap pole piece. A gold-coated electrostatic biprism
(< 600 nm diameter) located at the selected area aperture was biased at
130V to generate interference between object and reference waves,
producing fringes with 2.7 nm spacing. Using one-third of the side-
band, the spatial resolution was approximately 8 nm. Magnetic field
distributions were derived from phase shifts via in situ magnetization.
To correct phase artifacts from lens aberrations and biprism charging,
reference holograms were recorded under identical conditions. Phase
images were reconstructed using Fourier transformation and bandpass
filtering with custom-coded Python scripts.

To accurately separate the magnetic contribution from the MIP
in the phase shift, we employ an in situ magnetization reversal
approach as shown in Fig. 1(b).”” The sample was tilted to *60°, and
a magnetic field of approximately 1.5 T was applied via the microscope
objective to reverse the magnetization of the nanoparticles along the
electron beam. After the reversal, the objective lens was deactivated,
the sample tilt restored to 0°, and the Lorentz lens used for holo-
graphic imaging under zero external magnetic field, preserving the
remanent magnetization. Phase images were recorded for both magne-
tization states, enabling a robust separation of the electrostatic and
magnetic contributions. The difference in phase images under the two
magnetization states reveals that the magnetic potential is opposite in
each state. Figures 1(c) and 1(d) show the phase maps after applying
opposite magnetic fields. The contributions of the magnetic and elec-
trostatic potentials are then calculated, and the MIP is subtracted from
the phase images.

To investigate the static magnetic structure of magnetic nanopar-
ticles in the remanent state, we used electron holography (EH) to study
chain-like assemblies of magnetite (Fe;O,) nanoparticles and their
associated magnetic induction. Figure 2(a) shows the magnetic contri-
bution to the phase shift. The phase contours reveal the stray field
emanating from the nanoparticle chain, showing that each particle
contains a single magnetic domain [Fig. 2(b)]. No specific phase con-
trast related to domain walls was observed, indicating that the chain
exhibits a uniformly magnetized state, with the magnetization direc-
tion aligned along the axial direction of the chain.

Figure 2(c) shows a line profile of the magnetic phase contribu-
tion, taken along the red dashed line passing through the center of the
middle nanoparticle. The projected in-plane magnetic induction of
each particle was determined by fitting a simulation to the experimen-
tal profile, using approximations of the nanoparticles as cubic
and spherical geometries (details provided in the supplementary
material).”*”” For a uniformly magnetized sphere with radius a, the
projected magnetic induction B, leads to the following phase shift
expression:”’

e x
P (ryr)sw = EBLL? (m) ; 2

where e is the elementary charge and 7 is the reduced Planck’s con-
stant, B) = (2/3)uyM, for a spherical magnetic particle, and M, is
the magnetization of the material. For a line profile taken through the
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FIG. 2. (a) Experimental magnetic phase image of the Fe;O, particles, black
dashed lines outlining the particle contours, with a red dashed line indicating the
axis positions for phase profile extraction. The scale bar represents 100 nm. (b)
Color-coded equal-phase map, constructed from the cosine of the original magnetic
phase image magnified 20 times, illustrating the projected in-plane magnetic induc-
tion field distributions within and around the Fe3O, particles. The direction of the
measured magnetic induction corresponds to the color wheel shown in (b). (c) The
white scatter points represent the extracted phase profiles along the lines marked in
(a). The two curves correspond to the least squares fits of the phase profiles gener-
ated using spherical and cubic geometries, respectively. The lower part of the figure
presents the residual analysis for both fitted curves. The cubic fit reveals a satura-
tion magnetic induction of 0.555 = 0.063 T.

center of the particle in a direction perpendicular to B, , the expression
simplifies to

3
0(0)l 0 = 7B (“;) : ®

By fitting the experimental data to these equations, the best-fit value
for the projected magnetic induction was found to be B, = 0.580
+0.064 T for the spherical fit and B; = 0.555 % 0.063 T for the cubic
fit, as shown in Fig. 2(c). Although the spherical fit is close to the satu-
ration magnetic induction of magnetite, the cubic fit provides a better
fit, and thus the final result is based on the cubic fit.

As previously mentioned, the method of approximation using
simple geometric shapes is straightforward and intuitive, making it
suitable for preliminary analysis of single particles with regular shapes.
However, it is limited by the geometric approximation and the
assumption of uniform magnetization, leading to model-dependent
results with a constrained range of applicability. To obtain more
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quantitative information about the magnetic properties, we also
applied a model-independent method based on magnetic phase inte-
gration to determine the magnetic moment of the particle from the
phase images. This method integrates the magnetic phase, allowing for
the direct measurement of the magnetic moment of isolated magnetic
nanoparticles. As a result, it is less sensitive to factors such as particle
shape and magnetic domain structure.

The magnetic moment can be obtained from the relation
m = [[[ M(r)d’r, where M(r) is the position-dependent magnetiza-
tion, and r is the three-dimensional position vector. The electron
holography phase images do not directly provide information about
M(r), instead, they are proportional to the projection of the in-plane
components of the magnetic induction B(r) within and around the
particle along the electron trajectory. If the phase gradient is integrated
over a portion of the field of view, a proportionality can be established
between the integrated phase and the volume integral of the magnetic

induction,”’
" {z . ”V(p(u)dzu] = ||| Bser @

This quantity my = (1/4,) [[[ B(r)d’r is referred to as the “inductive
moment.” The relationship between the magnetic moment m and the
inductive moment my can be established when the region of integra-
tion is a circle that encompasses all magnetized elements. In this case,
the relationship is given by mp = (1/2)m. The magnetic moment of
an isolated particle can be quantitatively determined by integrating the
magnetic phase shift along a circular contour surrounding the particle.
The integration path consists of concentric circles with radii gradually
decreasing from R, to R;, where the innermost circle lies close to the
boundary of the magnetite nanoparticle chain, as shown in Fig. 3(a).
The magnetic moment is obtained by extrapolating the integral results
to zero integration radius, as illustrated in Fig. 3(b), in order to reduce
systematic errors arising from fringe field contributions and phase
noise. In this process, the loop integral is decomposed into two orthog-
onal components corresponding to the x- and y-directions, whose val-
ues are separately plotted in Fig. 3(b). This loop integral yields a vector
magnetic moment, which can be decomposed into two orthogonal
components corresponding to the x- and y-directions (details provided
in the supplementary material).

The measured projected in-plane magnetic moment is
2.54 x 107 up, with the direction indicated by the black arrow in
Fig. 3(a). By estimating the volume of the magnetic particles from
dimensions measured in the bright-field TEM image, the average mag-
netization was deduced to be (2.206 = 0.014) x 10° A/m, corre-
sponding to (0.280 = 0.002) T, which is lower than the expected value
of 0.6 T for magnetite. We will discuss the causes leading to this dis-
crepancy in the next method.

Since the obtained results represent only half of the expected satu-
ration magnetization, several factors were considered. Electron holog-
raphy (EH) records magnetic information projected along the electron
beam trajectory, measuring only the in-plane components of the mag-
netic moment while neglecting any out-of-plane contributions.”*
Furthermore, the misalignment between the magnetocrystalline
easy axis ([1 1 1] direction) and the long axis of the nanoparticle chain
([1 0 0] direction) introduces a competition between magnetocrystal-
line anisotropy and shape anisotropy. Upon removal of the external
magnetic field, magnetocrystalline anisotropy tends to align the
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FIG. 3. (a) Measurement of the projected
magnetic moment in the experimental
magnetic phase image of Fe;0, particles
using circular loop integrals. The white
i circles indicate the minimum and maxi-
mum measurement radii. The scale bar
g represents 100 nm. (b) Results of the loop
integral measurements from (a).
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magnetic moments to the magnetic easy axis, while shape anisotropy
favors alignment along the chain axis. This effect is more pronounced
at the ends of the chain, where the weaker dipole-dipole interactions
reduce the constraint on magnetic moments. As a result, the magnetic
moments at the chain ends are more susceptible to boundary effects,
leading to deviations in magnetization direction and the emergence of
curvature or rotational effects. To address these issues, we explore the
MBIR method to measure the projected in-plane magnetization distri-
bution within the chain. This method links the magnetic vector poten-
tial A(r) from Eq. (1) to the magnetization distribution M(r) through
convolution integration,29

Alr) = @JM(H) x f;r,dr’, )

T 4n r—r/|3

allowing for the reconstruction of the magnetization distribution, par-
ticularly suited for complex or multi-particle systems.

Simulated magnetic phase images were generated by iteratively
refining guesses of the in-plane magnetization distribution. We used
analytical phase shift solutions for simple geometries and numerical
discretization to avoid Fourier-space artifacts. Forward simulations

150 200 250

Radius of the integration circle [nm]

solved the inverse problem of reconstructing the magnetization distri-
bution. In-plane magnetization values were then derived based on the
measured sample thickness. Detailed description of the MBIR method
can be found in the dissertation.”

Since electron holography provides 2D projected magnetic infor-
mation along the electron trajectory, the reconstructed magnetization
corresponds to a slice with a thickness of one pixel (with a sampling
rate of a = 0.9029 nm/pixel). Based on the MIP value of the sample
(details provided in the supplementary material), the thickness was
estimated at ¢ = 73 nm, requiring a correction factor of a/t to obtain
the true volume density of the magnetic moment. The reconstructed
in-plane magnetization distribution is shown in Fig. 4(a), and its mag-
nitude in Fig. 4(b). Due to potential out-of-plane magnetization at the
particle ends, the uniform in-plane magnetization of the middle parti-
cle was selected for histogram analysis [Fig. 4(c)].

A Gaussian fit to the magnetic induction histogram yields a central
value of 0.606 T with a width of 0.031 T, corresponding to a standard
deviation of approximately 0.022 T. This result indicates that the mag-
netic moments remain aligned across the region, with minimal spatial
variation, suggesting a well-defined uniform magnetization. Considering
both thickness uncertainty and measurement errors (details provided in
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FIG. 4. (a) Projected in-plane magnetization distribution that was reconstructed from the experimentally acquired phase image. On the right is the projected in-plane magnetiza-
tion distribution of the middle particle. (b) The magnitude map of the reconstructed magnetization distribution of the selected region. The selected region is indicated by a white
dashed line. The scale bar represents 100 nm. (c) Histogram of selected region with the Gaussian fit mean indicated by the red dashed line at 0.606 T.
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FIG. 5. (a) Simulated magnetic phase shift image with black dashed lines marking
particle contours and a red dashed line indicating the phase profile axis. The scale
bar represents 100 nm. (b) Color-coded equal-phase map from the cosine of the
magnetic phase image, showing the in-plane magnetic induction of the Fe;O, par-
ticles. The induction direction follows the inset color wheel. (c) and (d) The magneti-
zation obtained by the simulated truncated cube in the equilibrium state, shown
from two different viewing angles. (d) Comparison of experimental and simulated
profiles along the red dashed line indicated in (a).

the supplementary material), the total average magnetization is
0.606 = 0.031 T, in close agreement with the literature value of 0.6 T for
magnetite. Summing the magnetic moments of all relevant voxels, the
total magnetic moment is 2.37 x 107> Am? = 2.56 x 107 u, nearly
identical to the value of 2.35 x 107'° Am? = 2.54 x 107 yp from the
magnetic phase integration method.

To facilitate comparison with experimental results, we carried out
micromagnetic simulations using MuMax3" to determine the equilib-
rium magnetic configuration of the nanoparticles. Bulk values of
Fe;0, were adopted for the exchange stiffness, saturation magnetiza-
tion, and magnetocrystalline anisotropy”** (details provided in the
supplementary material). From the simulated magnetization distribu-
tion, the corresponding magnetic phase shift image was subsequently
calculated. The results show that the first two nanoparticles in the

ARTICLE pubs.aip.org/aip/apl

chain exhibit axially aligned single-domain states, whereas the third
nanoparticle adopts a characteristic vortex configuration, as illustrated
in Figs. 5(c) and 5(d). Similar transitions in magnetic states, governed
by the interplay of particle size, shape, and magnetocrystalline anisot-
ropy, have also been reported in Fe nanocubes, where a progression
from uniform single-domain structures to vortex-like or more complex
spin textures was systematically observed.”””* A close correspondence
between our simulated and experimental phase shift maps is con-
firmed by the quantitative agreement of the extracted phase profiles, as
shown in Fig. 5(e).

Here, we systematically evaluated three methods for analyzing
the magnetic properties of magnetite nanoparticles using off-axis elec-
tron holography: the geometric approximation, magnetic phase inte-
gration, and the MBIR method. Each approach offers distinct
advantages depending on specific analysis requirements. The geomet-
ric approximation provides a fast and efficient estimate of in-plane
magnetic induction but is limited by assumptions of uniform magneti-
zation and spherical geometry, making it less suitable for complex sys-
tems. The magnetic phase integration method, while model-
independent and adaptable to irregular or multi-domain particles,
yields only an average magnetic moment and cannot resolve spatial
variations, particularly in larger particles supporting vortex states
where stray fields vanish. In contrast, the MBIR method enables
detailed mapping of projected in-plane magnetization distributions.
Although its spatial resolution is constrained by mask application and
regularization, this limitation can be mitigated using phase shift holog-
raphy, improving the resolution to the intrinsic limit of recorded holo-
grams.”””® Furthermore, by combining experimental observations
with micromagnetic simulations, we verified the applicability of these
methods, providing useful guidance for future studies on the magneti-
zation behavior of complex nanoparticle systems.

See the supplementary material for details on the experimental
conditions, data processing, and micromagnetic simulations.
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