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Biomineralization has existed on Earth for billions of years, documenting life evolution history and
major geological events. However, determining the origins of putative biogenic minerals remains a
persistent challenge. A prime example is the micrometer-sized fossil magnetite crystals (giant
magnetofossils) discovered in global marine sediments, dating from the present to 97 Ma ago. Their
origin remains unclear because their shape and size are different from any known nanometer-sized
magnetite produced by magnetotactic bacteria. Here, we present three-dimensional (3D)
reconstructions of giant magnetofossils with nanometer resolution, and report two new morphologies
of giant magnetofossils. By identifying diagnostic 3D morphological, crystallographic, and
micromagnetic features, our results provide key identification criteria for giant magnetofossils and
suggest a potential biologically controlled mineralization origin. This study provides a comprehensive
3D characterisation of giant magnetofossils, aiding the search for ancient microbial activities on Earth

and extraterrestrial bodies.

Biominerals, formed through biomineralization by organisms, can be pre-
served as fossil records over billions of years, which provide critical insights
into the life evolution and environmental conditions of ancient Earth'’.
However, the biological origin of some biominerals has been strongly
questioned due to the absence of co-preserved symbiotic organic compo-
nents and well-defined modern analogs. For example, nanoscale magnetite
crystals found in the Martian meteorite ALH84001, which exhibit similar
morphological features to some modern magnetite magnetosomes, have
caused substantial controversy regarding their origin’™.

Magnetofossils, fossilized biogenic magnetite or greigite crystals pre-
served in sediments, are a well-established type of biomineral typically in the
nanometer size range (~35-300 nm)’. They record key information about
past microbial activity, geomagnetic field variations, and environmental
changes’"’. However, the discovery of anomalously large magnetofossil
crystals (~0.5-4 um) with peculiar morphology', presents an intriguing
scientific mystery due to the absence of modern analogues. The first dis-
covery of giant magnetofossils was reported in marine sediments from
the Paleocene-Eocene Thermal Maximum (PETM) period at Ancora,
New Jersey''. Subsequent studies identified giant magnetofossils in the
Pacific, Atlantic, and Indian Ocean sediments spanning from ~97 Ma to
the present®'>",

Giant magnetofossils have specific crystal shapes (e.g., spearhead,
spindle, giant bullet, and needle), micrometer-sized dimensions, and high
chemical purity and crystallographic perfection'"". The size and mor-
phology of giant magnetofossil crystals are markedly distinct from con-
ventional nanoscale magnetofossils produced by magnetotactic bacteria
(MTB). Only giant bullets resemble conventional MTB-synthesized bullet-
shaped magnetofossils, yet are notably larger'>'"®. Despite the presence of
giant magnetofossils in modern marine sediments™, no extant organisms
are known to synthesize analogous minerals, rendering their biogenicity
contentious. Moreover, the link between the occurrence of giant magne-
tofossils and past climate conditions remains controversial'*"**'. Thus,
searching for potential biogenic signatures of giant magnetofossils and
organisms that produce these large magnetite crystals remains challenging.
Further investigations are also needed to identify distinctive iron biomi-
neralization processes and associated environmental conditions that these
magnetofossils might exemplify.

Previous studies provide indirect evidence of a biological origin for
giant magnetofossil crystals from crystal morphology, dimension distribu-
tion, chemical composition, and crystallography'""*'****>, However, these
morphological and crystallographic studies relied on 2D microscopic
observations of giant magnetofossils, with limited 3D characterizations
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Fig. 1 | Electron tomography reconstruction results of single giant magnetofossil
crystals. High-angle annular dark-field (HAADF) images of (A-C) giant bullet
(GB), (D, E) needle (N), (F) cone spearhead (CSH), (G) no-stalk spearhead (NSSH),
and (H, I) whole spearhead (WSH) particles (large bright particles) and four

Head facet / Partial shedding

Annular shedding

different views of reconstructed particles in yellow (oblique, horizontal, top, and
bottom). Colored arrows represent identified specific crystal planes and structures.
More particle reconstruction results are provided in Supplementary Fig. S2.

achieved through scanning electron microscopy (SEM) for certain
morphotypes®' ™. However, a complete 3D structural characterization
remains essential for determining their diagnostic signatures.

In this study, we employed transmission electron microscope (TEM)-
based electron tomography, electron diffraction, and finite element
micromagnetic simulations to characterize giant magnetofossil crystals. We
obtained 3D reconstructions of giant magnetofossils with nanometer
resolution and identified two previously unreported morphologies of
micrometer-sized fossil magnetite. We identified characteristic crystal
planes of these magnetite crystals from tomographic reconstruction data
using a 3D crystal plane cluster-analysis approach. Furthermore, we
demonstrate that each type of giant magnetofossil exhibits a unique com-
bination of 3D microstructures, crystallographic orientations, and magnetic
properties. These findings suggest a potential iron biomineralization origin
of giant magnetofossils.

Results

3D morphology of single giant magnetofossil crystals

We obtained the 3D structures of more than 20 particles, including giant
bullets, needles, and spearheads, using electron tomography with nanoscale
resolution (Fig. 1). No suitable spindle-shaped magnetofossils were found in
these samples. Reconstructed giant bullets have lengths of ~500-1000 nm
with widths of ~200-450 nm (Supplementary Fig. S1; Supplementary
Table S1). The longitudinal sections of giant bullet-shaped particles have
approximately polygonal cross sections, possibly hexagonal or octagonal
(Fig. 1A-C; Supplementary Figs. S2A-D and S3). These polygonal cross-
sections and 3D structures indicate the presence of faceted rather than
smooth curved surfaces. In particular, both the 2D images and the 3D
reconstructions reveal that most giant bullet crystals have pronounced
truncated planes at both ends (Fig. 1A-C; Supplementary Fig. S2A-D).
Reconstructed needles have high aspect ratios, with lengths of
~500-1000 nm and widths of ~100 nm (Supplementary Fig. S1; Supple-
mentary Table S1). The needles have polyhedral lateral surfaces with
approximately hexagonal cross-sections (Fig. 1D, E; Supplementary
Figs S2E-G and S3). The needles also have a series of distinct and asym-
metric truncated crystal planes at both ends (Fig. 1D, E; Supplementary
Fig. S2E-G). A needle particle appears to have a broken end, indicating
possible partial shedding (Fig. 1D). We have reconstructed three types of
spearheads™: cone spearhead (Fig. 1F; Supplementary Fig. S2H), no-stalk
spearhead (Fig. 1G), and whole spearhead (Fig. 1H, I; Supplementary

Fig. S2I). The lengths of cone spearheads are 600-800 nm, while the lengths
of the other two types of spearheads reach 1.5-2.5um (Supplementary
Fig. S1; Supplementary Table S1). All three types of spearheads have a sharp
tip and elongated hexagon-shaped cross-sections with particle widths
greater than heights (Fig. 1F-I; Supplementary Fig. S2H, I). A whole
spearhead particle has an incomplete middle section, likely associated with
annular shedding (Fig. 11).

Discovery of kinked giant bullet-shaped and sock-shaped
magnetofossils

We have discovered two previously unreported giant magnetofossil particle
forms. One is bullet-shaped particle with a relatively pointed head and a
kinked tail (Fig. 2A, B), hereby referred to as kinked giant bullets. Their
lengths range between 1.1-1.2um, with widths and heights of
~200-350 nm, and axial ratios higher than typical giant bullet particles
(Fig. 2D; Supplementary Fig. S1; Supplementary Table S1). The other
identified particle form is a unique sock-like particle, characterized by a
tilted head with a truncated flat plane on one side and a truncated flat tail,
hereby referred to as sock (Fig. 2C). Its dimensions are ~2 um in length and
~700 nm for both width and height (Supplementary Table S1).

Crystallography of giant magnetofossils
Selected-area electron diffraction (SAED) and high-resolution TEM
(HRTEM) imaging of most giant magnetofossils confirm perfect crystal-
linity and main crystal planes {111}, {100}, {110}, and {311} of magnetite
(Fig. 3; Supplementary Fig. S4). We also analyzed previous results to syn-
thesize data on the crystallographic direction corresponding to the long axis
of each giant magnetofossil particle (Table 1). Most giant bullet particles (5
out of 6) have long axes parallel to [111] (Fig. 3A; Table 1; Supplementary
Fig. S4A), whereas only one particle aligns with [110] (Supplementary
Fig. $4B). Long axes of all analyzed needle particles (11 in total) are
approximately parallel to [111] (Fig. 3B; Table 1; Supplementary
Fig. $4C-G). Long axes of all cone and no-stalk spearheads (2 out of 2) are
parallel to [311] (Fig. 3C; Table 1). Most whole spearheads (3 out of 4) have
long axes parallel to [110] (Fig. 3D; Table 1), whereas the long axis orien-
tation of the fourth particle remains indeterminate based on the available
published data (20). Spindle particles (2 out of 2) also have long axes parallel
to [110] (Table 1; Supplementary Fig. S4H).

We proposed a quantitative approach to utilize clustering and orien-
tation analysis of surface mesh normal vectors in reconstructed particles,
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Fig. 2 | Electron tomography reconstruction
results of single giant magnetofossil crystals.
High-angle annular dark-field (HAADF) images of
(A, B) a kinked giant bullet (KGB) and (C) a sock-
shaped particle (large bright particles) and four
different views of reconstructed particles in yellow
(oblique, horizontal, top, and bottom). Green
arrows represent kinked tails in the particles. D The
length and width of all reconstructed giant magne-
tofossil particles (colored circles) and small kinked
bullet particles synthesized by magnetotactic bac-
teria (black circles)***
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Fig. 3 | Transmission electron microscope (TEM) A Giant bullet
analyses of single giant magnetofossil crystals.
A-D Bright-field TEM images, with selected-area
electron diffraction (SAED) patterns, and high-
resolution transmission electron microscopy
(HRTEM) images shown below each TEM image.
Orange boxes represent the location for HRTEM
imaging. White arrows indicate the particle elon-
gation direction marked with crystallographic lattice
direction. White solid lines mark primary lattice
fringes marked with corresponding d-spacing and
Miller indices (hkl). More SAED and HRTEM
analyses are provided in Supplementary Fig. S4.
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which enables the identification of a series of characteristic crystal planes for
each type of giant magnetofossils (Fig. 4; Supplementary Fig. S5). Our
clustering analysis of surface mesh normal vectors indicate that the trun-
cated planes at both tails and heads of most giant bullet magnetofossils, and
the lateral crystal planes of giant bullets and needles are all consistently {110}
(Fig. 4A-E; Supplementary Fig. SSA-G). Multiple {311} crystal facets in all
three types of spearheads are identified (Fig. 4F-I; Supplementary Fig. S5H),
consistent with the proposed crystallographic model of spearheads'".

Micromagnetic simulation of giant magnetofossils

Saturation isothermal remanent magnetization (SIRM) domain states were
calculated in twenty external magnetic field directions (Fig. 5; Supplemen-
tary Figs. S6 and S7; Tables S2 and S3). In twenty external field directions, the
proportion of SIRM state types is related to the morphology of giant mag-
netofossils (Supplementary Table S3): needles and kinked giant bullets are
mainly in single domain (SD) states; giant bullets, cone spearheads, and no-
stalk spearheads are mainly in single vortex (SV) states; whole spearheads

Communications Earth & Environment| (2025)6:410


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02396-w

Article

Table 1 | Long-axis crystallographic directions of different
types of giant magnetofossil crystals

Type Long-axis direction Match count / total
instances®

Giant bullet [111] 5/6

Needle [111] 11/11

Whole spearhead [110] 3/4

Cone and no-stalk [311] 2/2

spearhead

Spindle [110] 2/2

“Crystallographic direction analyses can be found in Fig. 3 and Supplementary Fig. S4, as well as
previous studies'"'%°.

and the sock particle exhibit similar proportions of SV and multiple vortex
(MV) states. SIRM states with lowest total magnetic energy also vary with
the morphology: giant bullets are primarily in SV states (Fig. 5A, B; Sup-
plementary Fig. S8A-E); kinked giant bullets show SV states (Fig. 5C;
Supplementary Fig. S8F); needles typically exhibit SD states (Fig. 5D, E;
Supplementary Fig. S8G-I); spearheads and sock-shaped particle exhibit a
range of complex SV to MV states depending on their size and shape
(Fig. 5F-]; Supplementary Fig. S8], K). SIRM direction distributions in
twenty external fields become less concentrated from needles, kinked giant
bullets, giant bullets, to spearheads and the sock (Fig. 5K). Micromagnetic
simulations of single giant magnetofossil crystals show a general reduction
in average coercivity (B.) and the ratio of saturation remanence to saturation
magnetization (M,/Ms) from needles, kinked giant bullets, giant bullets, to
spearheads and the sock, corresponding to a progressive descent towards the
lower left on the Néel diagram (Fig. 5L and Supplementary Fig. $9)™.

Discussion

3D reconstruction shows that multiple giant magnetofossil particles from
the same category have relatively consistent characteristic 3D morpholo-
gical, structural, and crystallographic features. The primary crystal planes of
giant bullets, needles, and spearheads are polyhedral rather than smoothly
curved (Fig. 1; Supplementary Figs. S2, S3). We have identified distinctive
truncated {110} facets at the head and tail of giant bullets (Figs. 1A-C,4A-C;
Supplementary Figs. S2A-D, S5A-D) and asymmetric facets at both ends of
needles (Fig. 1D, E; Supplementary Fig. S2E-G). Kinked giant bullets and
the sock particle are characterized by a kinked tail and head, respectively
(Fig. 2A-C). Moreover, giant bullets, kinked giant bullets, and needles
exhibit similar width and height, making them approximately uniaxial
particles, while the three axes of spearheads have different dimensions
(Fig. 1; Supplementary Fig. S1; Supplementary Table S1). Combining pre-
vious results with our data, we have identified consistent long-axis crystal-
lographic orientations for each type of giant magnetofossil particle: giant
bullets and needles elongate along the [111], whole spearheads and spindles
elongate along [110], and cone and no-stalk spearheads elongate along [311]
(Fig. 3; Table 1; Supplementary Fig. S4). Characteristic {110} planes in giant
bullets and needles, and {311} planes in spearheads were also recognized
(Fig. 4; Supplementary Fig. S5). The consistent 3D diagnostic signatures
across diverse particles within each giant magnetofossil category provide
robust criteria for their identification in natural materials. This morpholo-
gical uniformity, which is difficult to produce through abiogenic processes,
likely suggests biologically controlled mineralization and serves as a
potential biomarker.

The morphologies of giant bullets resemble conventional bullet-shaped
magnetofossils produced by magnetotactic bacteria (MTB), supporting the
hypothesis of their biological origins'*"”. However, apart from the size dif-
ference, MTB-synthesized bullet crystals predominantly have [100] and
[110] long-axis orientations™ ", unlike the [111] elongation of giant bullets
(Table 1). Additionally, conventional bullets lack the distinct {110} facets at
both ends seen in giant bullets. Kinked giant bullets and the sock particle
(Fig. 2A-C) have similar morphology to some kinked bullet-shaped

magnetite crystals synthesized by MTB, such as AV-1, LO-1, HSMV-1%,
MYR-1**”, and WYHR-1** suggesting a possible biogenic origin, despite
their notable size discrepancy (~1.1 pm for kinked giant bullets, ~2 um for
the sock crystal, and <300 nm for MTB-synthesized magnetite) (Fig. 2D).
To date, only one MTB species was found to be capable of producing needle-
shaped magnetite of about 300 nm long”—smaller than needle crystals
(~500-1000 nm) typically found in geological records. Moreover, the
elongated prismatic magnetite particles typically have a long-axis orienta-
tion along [111]*, yet their dimensions and aspect ratios are notably smaller
than needle magnetofossils.

It was found that gene networks control the morphology of magnetite
magnetosomes in MTB, implying that crystal morphology could be a proxy
for ancient MTB taxonomy**’. In contrast to smaller conventional bullet
crystals™, giant bullets are larger with distinct 3D morphological and crys-
tallographic features. Kinked giant bullets and the sock particle are also
larger than conventional kinked bullets. Despite having similar cross-
sectional and structural features, whole spearheads and potentially partial
spearheads (cone and no-stalk spearheads) have different long-axis orien-
tations. If these giant magnetite crystals are all biogenic, these variations in
dimension, morphology, and crystallography may indicate that these bullet-
shaped (giant bullets, kinked giant bullets, the sock particle, and conven-
tional bullets and kinked bullets) and spearhead-shaped (whole, cone, and
no-stalk spearheads) magnetite crystals could originate from distinct bio-
logical species.

Magnetic characteristics play a crucial role in detecting giant magne-
tofossils in natural samples. It has been suggested that needles can be
detected using high-resolution first-order reversal curve (FORC) mea-
surements due to their extreme elongations'’. Our simulation results pro-
vide a numerical reference range for hysteresis parameters such as coercivity
(Fig. 5L), supporting the interpretation of rock magnetic signals of giant
magnetofossils. However, simulation results also reveal that some types of
giant magnetofossil crystal have intricate magnetic domains and char-
acteristic magnetic parameter range, controlled by their size and shape
(Fig. 5). Magnetic hysteresis properties of giant magnetofossils were ana-
lyzed in the context of published data for different magnetite types (MTB-
synthesized, extracellularly synthesized, and chemically synthesized)***'**
using the Néel diagram (Fig. 5L)**. Needle-shaped crystals show parameter
ranges overlapping with bullet-shaped magnetosomes™"', while kinked
giant bullets exhibit close similarity to cuboctahedral and prismatic
magnetosomes’ ™. Notably, giant bullet-, spearhead-, and sock-shaped
magnetite crystals form a distinct cluster in the lower-left region (ie.,
B. < 10mT, M,/M < 0.1). This cluster differs markedly from MTB-derived
magnetosomes/magnetofossils™' ™, but rather aligns closely with some
extracellularly and chemically synthesized magnetite samples™'”. These
findings expand the known range of magnetic signatures associated with
potentially biogenic magnetite. Therefore, given the typically low abundance
of giant magnetofossils in natural samples, along with the complex magnetic
behavior, their detection solely based on magnetic properties poses a sub-
stantial challenge.

The biological functions of giant magnetite crystals remain
undetermined' ", with current hypotheses including magnetoreception”,
structural reinforcement in hard tissues”, and other potential biological
roles. The SD state of needles implies their potential for high magnetic
navigation efficiency. The complex and chaotic vortex states of giant bullets
and spearheads, coupled with the misalignment between the long-axis and
the magnetic easy axis of spearheads, suggest that they may not fully
maximize their magnetic moments for effective magnetic alignment.
Moreover, previous micromagnetic simulations have shown that micron-
sized magnetite magnetofossils, when arranged in chains, retain sufficient
magnetotaxis efficiency™. Consequently, investigating whether these giant
magnetite crystals can be arranged into chains in modern organisms is
crucial for elucidating their biological functions.

Our study reveals 3D structural and crystallographic signatures of giant
magnetofossils, which serve as diagnostic criteria for their identification and
potential biosignatures in geological records. It is essential to search for
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Fig. 4 | Crystal plane clustering and orientation analysis of reconstructed single
giant magnetofossil particles. Stereographic projection of all normal vectors of
surface meshes for reconstructed giant magnetofossil crystals, colored in yellow of
(A-C) giant bullet (GB), (D, E) needle (N), (F) cone spearhead (CSH), (G) no-stalk
spearhead (NSSH), and (H, I) whole spearhead (WSH) particles. K-means clustering
centers of normal vectors, and theoretical crystal plane groups determined by the
known long-axis direction, including {111}, {100}, {110}, and {311}, are also marked

correspondingly. Red and blue contours represent normal vector distributions on
the upper and lower hemispheres, respectively, with corresponding particle meshes
on the right. Black solid and hollow diamonds represent clustering centers. Colored
solid and hollow circles represent theoretical crystal planes. Colored arrows repre-
sent normal vectors of theoretical crystal planes. More clustering and orientation
analyses are provided in Supplementary Fig. S5.

modern organisms that produce giant magnetite crystals, important for
conclusively determining their biological origin and function. Furthermore,
advanced geochemical analyses, including atom probe tomography for
detecting organic elements within particles”, characteristic isotope signals
from biologically controlled processes'’, and in situ observations of

potentially co-preserved organic materials, hold promise for future inves-
tigations. These 3D morphological, crystallographic, and chemical char-
acterization approaches are crucial for identifying biogenic minerals and
searching for potential biosignatures on ancient Earth and extraterrestrial
bodies.
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Fig. 5 | Micromagnetic simulation results of reconstructed single giant magne-
tofossil particles. A-J Selected modeled saturation isothermal remanent magneti-
zation (SIRM) domain states with the lowest total magnetic energy of giant bullets,
kinked giant bullets, needles, spearheads, and the sock-shaped crystal, with corre-
sponding applied field directions provided in Supplementary Table S2 and S3.
Arrows represent magnetic moment directions. Arrows are colored by the nor-
malized magnetization in the direction perpendicular to the page. Vortex cores are
colored orange. More simulated SIRM domain states are provided in Supplementary
Fig. S8. K Stereographic projection of SIRM state directions in twenty external
magnetic field directions. L The Néel diagram®* shows coercivity (B,) versus the ratio
of saturation remanence to saturation magnetization (M,s/M;) of each reconstructed
particle for needles (N), kinked giant bullets (KGB), giant bullets (GB), cone
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spearheads (CSH), no-stalk spearheads (NSSH), whole spearheads (WSH), and the
sock-shaped crystal (sock). Colored circles, diamonds, downward-pointing trian-
gles, and squares represent simulation results of different crystal elongation axes.
Solid and hollow symbols denote SIRM directions onto the upper and lower
hemispheres, respectively. Dark gray markers represent the hysteresis parameters of
whole magnetotactic bacteria (MTB) cells (cuboctahedron and prism magnetite
crystals; circles)’' ™, isolated magnetosomes (cuboctahedron and prism magnetite
crystals; diamonds)®***', bullet-shaped magnetosomes (upward-pointing
triangles)>"!, conventional magnetofossils (squares)**™, extracellularly synthe-
sized magnetite (crosses)’>***’, and chemically synthesized magnetite
(pentagrams)**~. 95% confidence ellipses for the hysteresis data of typical magnetite
categories are provided.

Materials and methods

Sample preparation

The marine sediment samples analyzed in this study were obtained from the
International Ocean Discovery Program (IODP). Detailed information
regarding the sites and stratigraphic positions is provided in Supplementary
text. We selected TEM copper grids containing typical giant magnetofossils
from our previous studies'*” for subsequent TEM observations and elec-
tron tomography.

TEM observations

Sample copper grids were utilized for TEM analysis using a JEOL JEM-2100
TEM at the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS) in Beijing, operating at a voltage of 200 kV. Bright-field
TEM imaging, SAED analysis, and HRTEM imaging were performed. We
have conducted crystallographic orientation and Miller index analysis on
SAED and HRTEM images, and collected data from previous studies'*'**’
for data synthesis (Supplementary text).

Electron tomography
Sample copper grids were utilized for electron tomography using a FEI Krios
TEM operating at 300 kV and 80 K at the Wolfson Electron Microscopy

Suite, University of Cambridge. The sample was tilted between +65° and
+70° with steps of 1° or 1.5°, and multiple high-angle annular dark-field
(HAADF) images were captured. A compressed sensing reconstruction
algorithm®® was used for 3D tomography reconstruction. Reconstruction
results were segmented with Dragonfly software version 2022.2°” to generate
particle surface meshes. More details on the tomography analysis are pro-
vided in Supplementary text.

Crystal plane clustering and determining

Normal vectors of reconstructed surface meshes were extracted for k-means
clustering analysis to identify potential crystal planes. The crystallographic
orientation of the particle's long-axis was confirmed through SAED and
HRTEM analysis. Given the multiplicity of potential orientations for crystal
long axis, we proposed a quantitative approach to identify the ideal crystal
plane group (from {111}, {100}, {110}, and {311}) that best fits all cluster
centers. The angular difference between each cluster center and the closest
plane in each ideal crystal plane group was calculated at different possible
long-axis orientations. The long-axis orientation corresponding to the ideal
crystal plane group with the smallest total angular difference was chosen for
subsequent plane analysis. More details on the crystal plane analysis are
provided in Supplementary text.
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Micromagnetic simulation

Based on the reconstructed particle with realistic 3D shapes from electron
tomography, we have established geometric models with volume meshing
using the Coreform Cubit software version 2023.8*. Subsequently, the finite
element micromagnetic simulation software MERRILL version 1.8.6 was
used to run micromagnetic simulations™, calculating the hysteresis loops of
each particle in twenty uniformly distributed directions on the sphere
(Supplementary Table S2). Combining crystallographic observations, we
considered four types of magnetite magnetocrystalline anisotropy config-
urations, aligning the long-axis of reconstructed particles respectively along:
the magnetic easy axis [111] and the magnetic hard axis [100] for all par-
ticles; [311] specifically for cone and no-stalk spearheads; [110] specifically
for whole spearheads. ParaView software version 5.11.2° was used for
domain state visualization. More details on the micromagnetic calculations
are provided in Supplementary text.

Data availability

Mesh files and movie files of all reconstructed particles, micromagnetic
simulation output files, and data for Figs. 2D and 5L are available at the
Zenodo repository®’.

Code availability
Crystal plane analysis code is available at the Zenodo repository®'.
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