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Magnetic fluids exhibit self-assembly behaviors that alter the macroscopic magnetic properties of
concentrated samples. However, direct experimental insight into these nanoscale processes in liq-
uid phases is limited, primarily due to the difficulty of probing structure and magnetic interactions
simultaneously at the nanoscale. In this study, we use transmission electron microscopy (TEM) to
examine the connection between self-assembly and magnetic properties in magnetic fluids of iron
oxide nanoparticles.
Our approach combines complementary TEM techniques to probe this relationship across scales and
environments. Off-axis electron holography1 images magnetic interactions within assemblies, while
precession-assisted 4D-STEM maps the crystallographic orientation of individual particles. Liquid-
cell TEM[2] enables real-time observation of self-assembly dynamics in liquid. In situ magnetization
curvesmeasured on individual and interacting nanoparticles reveal the impact of dipolar coupling on
macroscopic properties such as coercivity and remanence. Together, these methods link nanoscale
organization, magnetic configuration, and collective behavior.
Our results demonstrate the successful characterization of self-assembly processes using cryo-TEM[3],
providing a structural basis for magnetic behavior. Building on this, we investigated the magnetic
configuration of chains of magnetite nanocubes using electron holography under external magnetic
fields. By varying the field, we examine the interplay of dipolar interactions, magnetic anisotropy,
and Zeeman energy. Below 100 mT, the magnetization remains aligned along the chain axis, re-
flecting dominant dipolar interactions. Above this threshold, reorientation occurs, with the mag-
netization of individual particles aligning with the field and exhibiting antiferromagnetic coupling
between neighboring particles. Additionally, applying fields along different crystallographic direc-
tions ⟨100⟩ and ⟨110⟩ yields orientation-dependent magnetization curves reflecting cubic anisotropy
of magnetite at the single-particle level. Ongoing measurements aim to quantify this anisotropy and
extend these observations to dynamically assembling systems in liquid environments.
Overall, these results provide experimental insight into how nanoscale structural organization gov-
erns magnetic interactions in magnetic fluids.
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Figure 5: Caption figure: (a) Chain of magnetite nanocubes imaged by electron holography.
The magnetic induction lines are shown in (c) without external field and (d) with a field of 1 T
applied along the y-axis. (b) Magnetization curve measured on the chain.
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