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Abstract Recent advances in magnetic imaging can directly capture the internal magnetization of natural
and synthetic materials at resolutions <10 nm. This capability opens new possibilities to determine the
magnetic domain state of ferromagnetic minerals that are fundamental for recording and retaining
paleomagnetic records. Here, we present the highest resolution magnetic contrast images to date of
tetrataenite islands in the cloudy zone of the Esquel pallasite meteorite obtained using circular dichroic soft
X‐ray ptychography. These images, which have 4.4 nm spatial resolution, provide new insights into the
magnetic structure of the cloudy zone, namely the prevalence of multidomain states, magnetostatic
interactions, and islands with multiple “easy” magnetic axes. Our results demonstrate that the non‐interacting,
single‐domain models used to derive cloudy‐zone paleointensities in previous studies require re‐evaluation.
We additionally highlight the potential of high‐resolution ptychography to enhance our understanding of
paleomagnetic remanence carriers in future work.

Plain Language Summary Magnetic imaging provides a method of seeing the internal magnetic
structures of both natural and synthetic materials. New advances now allow us to take these images with a
resolution below 10 nm. We apply one of these techniques, called X‐ray ptychography, to image the magnetic
structure of 150 nm “islands” of the mineral tetrataenite in an iron‐bearing meteorite at 4.4 nm resolution. To
determine the presence of an ancient magnetic field and its strength, previous studies of this mineral assumed
that the islands occupied a uniform magnetization state and were non‐interacting. However, these assumptions
could not be tested as the previous studies used a magnetic imaging method that could not resolve the internal
domain structure of the islands. Our magnetic imaging achieves this, and we find that most of the islands are not
uniformly magnetized and interact with each other. Thus, existing ancient field intensity estimates should be
reconsidered, and further work is needed to create models that accurately express how tetrataenite records
magnetic fields. Additionally, we discuss the ways the geoscience community, particularly rock magnetists,
could use ptychography to enhance our understanding of how minerals acquire and express their magnetic
records.

1. Introduction
Since the creation of the Bitter method in 1932 (Bitter, 1932), numerous magnetic imaging techniques such as
Magneto‐optic Kerr effect (MOKE) and magnetic force microscopy (MFM) have been developed to determine
the domain structures of natural minerals and industrial materials at increasingly higher spatial resolutions.
Today, these advancements allow the magnetic imaging of materials down to <1 nm in the case of electron
holography (McCartney & Smith, 2007) with MFM and MOKE achieving resolutions of ∼10 and ∼200 nm,
respectively (Allwood et al., 2003; Kazakova et al., 2019). One downside to the above methods is that they do not
image magnetization (M) directly. Instead, they either rely on detecting the magnetic induction (B) and using
inversion techniques to recover M (e.g., electron holography) or detecting regions of rapidly changing B just
above the sample surface to locate magnetic domain walls (e.g., MFM, MOKE, Bitter). However, measuring B
rather than M is not ideal: inversions suffer from inherent non‐uniqueness (Weiss et al., 2007) and can be more
difficult to interpret, especially in the case of multiple, closely‐packed sources (Bryson, Church, et al., 2014).

X‐ray based techniques, on the other hand, can image magnetization directly but until recently have been unable
to rival the spatial resolution achievable using, for example, electron holography. X‐ray photoemission electron
microscopy (XPEEM) typically provides surface‐sensitive magnetization data down to 40 nm resolution (Bryson,
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Herrero‐Albillos, et al., 2014), though new generation PEEM systems can reach 5–10 nm depending on the
sample (Niu et al., 2023). Similarly, X‐ray Fourier transform holography typically provides 40 nm resolution
(Blukis et al., 2020; Bryson, Herrero‐Albillos, et al., 2014), but combining holography with phase retrieval
techniques can achieve resolutions ∼5 nm (Battistelli et al., 2024). Notably, in the past decade soft X‐ray dichroic
ptychography has gained traction as a reliable method for determining the two‐dimensional internal magneti-
zation structures of natural minerals (Zhu et al., 2016) and synthetic materials (e.g., Butcher et al., 2024) at sub‐
10 nm resolutions and wide field of views. Combining ptychography with tomography (ptychotomography) now
enables the three‐dimensional magnetization vector field of magnetic materials to be constructed as well (reso-
lution ∼20 nm) (Donnelly et al., 2017, 2018; Harrison et al., 2025).

The ability to image magnetization directly down to <10 nm resolution creates the opportunity to study the
nanoscale domain structures of common ferromagnetic minerals that are fundamental to paleomagnetic in-
vestigations. This promises not only a greater understanding of mineral domain structures, but also insights into
how paleofield records are initially captured by remanence carriers and how to accurately interpret these records.
Here, we show the unique perspective these advances in magnetic imaging bring by utilizing soft X‐ray dichroic
ptychography to image the internal domains of nanoscale grains of tetrataenite (γʺ‐FeNi) in the “cloudy zone”
(CZ) metallic microstructure, which comprises a densely packed intergrowth of tetrataenite “islands” embedded
in an Fe‐rich matrix. Tetrataenite is present in a wide variety of meteorite types including chondrites (e.g., Bryson
et al., 2019), primitive achondrites (Mansbach et al., 2023), and iron meteorites (e.g., Goldstein et al., 2009), and
has emerged as a popular ferromagnetic mineral for retrieving paleomagnetic information. This is primarily
because of tetrataenite's high coercivity (>1 T for single‐domain grains, Mansbach et al., 2022), which is due to
the mineral's large magnetocrystalline anisotropy that effectively pins an island's magnetization along its crys-
tallographic c‐axis (Figure S1 in Supporting Information S1) (Bryson, Church, et al., 2014).

While the CZ has been used to determine the paleomagnetic history or magnetization of main group pallasites
(Bryson et al., 2015; Nichols et al., 2016, 2021), mesosiderites (Nichols et al., 2020), an H chondrite (Bryson
et al., 2019), and IIE (Maurel et al., 2020, 2021), IVA (Bryson et al., 2017), and IAB iron meteorites (Bryson,
Herrero‐Albillos, et al., 2014; Nichols et al., 2018), much remains unknown regarding how the tetrataenite in this
system records its magnetization in the presence of a field, how that record is expressed, and how to calculate
accurate paleointensities. For example, previous paleointensities have been primarily determined via a Maxwell‐
Boltzmann framework assuming non‐interacting, single‐domain islands that have their magnetization reset during
ordering (Bryson et al., 2019). However, recent micromagnetic modeling indicates that many of the islands
studied in existing experiments are more likely multidomain (Mansbach et al., 2022) and their magnetizations
may be influenced by a precursor ferromagnetic phase rather than completely reset (Devienne et al., 2024).

The above uncertainties in part stem from the studies above utilizing XPEEM and therefore were unable to resolve
the magnetization of individual islands (typically 10–100s nm). Below, we present the results of magnetic
contrast images of CZ tetrataenite in the Esquel pallasite at a spatial resolution of 4.4 nm, an order of magnitude
improvement compared to XPEEM. These images fully resolve the internal domain structure of the islands,
providing new insights into the magnetization of tetrataenite and implications for previous CZ‐based paleo-
magnetic studies. In addition, we discuss other avenues of research that could be conducted using X‐ray pty-
chography that would benefit the geoscience community.

2. Materials and Methods
We used soft X‐ray ptychography to obtain topographic and magnetic contrast images from the CZ in a
10 μm × 4 μm × 50–100 nm focused ion beam (FIB) section of the Esquel pallasite (Figures S2 and S3 in
Supporting Information S1). Ptychographic reconstructions provided the complex transmission function of the
sample (i.e., its amplitude and phase). The incoming photon energy was set to 702.75 eV (1.45 eV below the
maximum observed Fe L3‐edge absorption, Figure S4 in Supporting Information S1). This configuration reduces
the strong absorption expected at resonance for thick samples while still permitting its magnetic characterization
by extracting X‐ray magnetic circular dichroism (XMCD) values from the phase signal (Neethirajan et al., 2024).

Topographic images were computed by summing phase images taken at opposite helicities of the incident
circularly polarized photon beam. Magnetic contrast images, representing the phase XMCD, were computed as
the image difference. The resulting ptychographic XMCD images can resolve the internal domain structure of
individual islands with a spatial resolution of 4.4 nm (Figure S5 in Supporting Information S1). Further details of
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X‐ray ptychography, the experimental setup, and the data processing to create the images can be found in Text S3
in Supporting Information S1 (Baruffaldi et al., 2025; Butcher et al., 2024, 2025a, 2025b, 2025c; Finizio
et al., 2026). The FIB section thickness was chosen to be thinner than the average island diameter near the tet-
rataenite rim (∼150 nm, Bryson et al., 2015), minimizing the chance of signal overlap from multiple islands as
ptychography recovers information integrated through the sample in transmission. This meteorite was chosen due
the large sizes of the islands relative to the expected spatial resolution of ptychography and since the paleo-
magnetic record of this meteorite has already been studied by Bryson et al. (2015), who conducted their inves-
tigation on the same sample used here (London Natural History Museum BM.1964,65). That investigation found
a systematic bias in the magnetization of the islands, and calculated a paleointensity of 84 ± 14 μT, which was
later revised to 64 ± 1.5 μT in Nichols et al. (2021).

3. Results
Figure 1 and Figure S6 in Supporting Information S1 show reconstructed topographic and phase‐contrast XMCD
images of the Esquel CZ at three adjacent regions of interest (ROIs), denoted ROI1, ROI2, and ROI3. In the
following we discuss the results for ROI2, with comparable analyses for ROI1 and ROI3 and further information
on the tetrataenite rim and matrix phases provided in Text S6–S8 in Supporting Information S1.

3.1. Domain States in the Cloudy Zone

Bright tetrataenite islands within the CZ are distinguished from the darker Fe‐rich matrix in the topographic images
(Figure 1a, Figure S7 in Supporting Information S1). The islands observed span from 50 to 230 nm in diameter and
possess a range of nearly equant shapes to highly elongated structures with a width‐to‐length ratio of 0.25
(Figure 2b). The phase‐contrast XMCD image (Figure 1b) reveals a mixture of single‐domain and multidomain
structures. Single‐domain islands are identifiable due to their uniform phase XMCD, which manifests as narrow
spikes in their corresponding pixel phase histograms (Figure 1e). Two‐domain islands present a clear domain wall
that splits the island into two separate uniformly magnetized regions, and their pixel phase histograms show two
spikes of equal and opposite phase XMCDs centered around zero (Figure 1d, Figures S8 and S9 in Supporting
InformationS1). Lastly,wedefine higher‐order domain structures as islands that are neither single‐ nor two‐domain.
These islands often contain multiple domain walls and complex, asymmetric pixel histograms (Figure 1c). Within
ROI2, 32%, 46%, and 22% of the islands are classified as single‐domain, two‐domain, and higher‐order domain,
respectively, with similar values in the other ROIs (see Text S7 in Supporting Information S1).

In addition to various domain structures, we observe numerous examples of the presence of multiple c‐axes within
single islands in the XMCD images (Figures 1f and 1g). These islands are distinct from the two‐domain islands
above in that their peak phase XMCD values are not of equal magnitude and opposite polarity, and do not possess
a clear domain wall, suggesting a relatively smooth transition in magnetization from one c‐axis direction to
another. We observe islands with multiple spikes of the same polarity (Figure 1g) or multiple sets centered around
zero phase (Figure 1f). We classify these latter islands as higher‐order domains as they tend to be larger and
possess clear domain walls. The former islands (e.g., Figure 1g) are classified as single‐domain as these islands
are often smaller and there is no clear 180◦ domain wall present.

The average size of the islands decreases as the distance from the tetrataenite rim increases (Figure 2a, Figures S11
and S12 in Supporting Information S1). This change in size is matched by a consistent trend in the distribution of
domain structures.Moving away from the interface in 1 μm steps, the proportion of single‐domain islands increases
from 21% to 35% while the proportion of higher‐order domain islands decreases from 41% to 8% (Figure 2c).
Despite the changes in domain structure distribution, single‐domain islands never constitute the majority in any
region. According to previous micromagnetic modeling of individual tetrataenite islands, the transition from
single‐domain to two‐domain occurs at 80–135 nm depending on the axial ratio (Mansbach et al., 2022). However,
38 of the 114 single‐domain islands in ROI2 plot outside of this region and in the two‐domain stability region. We
also find two‐domain and higher‐order domain islands within the predicted single‐domain stability region (74%
and 54% of identified two‐domain and higher‐order domain islands, respectively).

3.2. Distribution of c‐Axes and Polarities

The high spatial resolution of our ptychographic images can determine the distribution of crystallographic c‐axes
in the CZ. This is seen in Figure 3a, which shows the histogram of phase XMCD for all islands in ROI2. Rather
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Figure 1. Summary of Tetrataenite Domain States. (a) Topographic image of ROI2. The tetrataenite island boundaries within the CZ are well‐defined and can be
identified. (b) X‐ray magnetic circular dichroism (XMCD) image of the same field of view in (a). The phase XMCD value provides a measure of the component of
magnetization of the islands along the X‐ray beam (positive [negative] represents into [out of] plane). XMCD histograms and zoomed‐in XMCD images of a higher‐
order domain (c), single‐domain (d), and a two‐domain (e) island. (f, g) Two examples of islands containing multiple c‐axes.
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than a single, broad peak as observed in pixel intensity histograms derived from XPEEM images of the CZ
(Bryson et al., 2015), we observe multiple peaks indicative of individual c‐axes. We determine the contribution
from each c‐axis through spectral decomposition of the histogram as a linear combination of six Gaussian dis-
tributions representing positive and negative polarities along each of the three possible c‐axes (Figure 3b; see Text
S8 in Supporting Information S1 for details). The pair of Gaussians with the lowest absolute mean phase XMCD
magnitude are referred to as Axis 1, the middle as Axis 2, and the highest magnitude as Axis 3. Summing the areas
under the Gaussians for positive and negative polarities for each c‐axis, we observe a bias in all three ROIs toward
Axis 2 since that axis has a total area above the 0.33 threshold expected for an equal distribution across all axes
(Figure 3c). Within each pair of positive and negative axes, no consistent trend is observed in the ratio of areas for
positive to negative polarities (Figure 3d). However, the recovered ratios span from 0.23 to 2.99, indicating
significant asymmetries.

4. Discussion and Implications
4.1. Tetrataenite Domain States

The Esquel CZ is composed primarily of two‐domain and higher‐domain islands within 4 μm of the tetrataenite
rim. The proportion of single‐domain islands increases upon moving away from the rim though it is never the
dominant domain state. Comparison of our results to previous micromagnetic modeling provides key insights into
the nature of the CZ and tetrataenite island magnetic stability. First, numerous two‐domain and higher‐domain

Figure 2. Size and Elongation of CZ Tetrataenite Islands. (a) Plot of island size as equivalent spherical volume diameter (ESVD) versus distance from the tetrataenite rim
for ROI2. ESVD for each island calculated assuming the volume is the area observed in the topography imagemultiplied by the 75 nm estimated thickness of the focused
ion beam section. Given the 25 nm uncertainty on the thickness, all ESVDs have an uncertainty of 9%. A decreasing trend in the island size with increasing distance from
the rim is observed. (b) Plot of axial ratio (elongation) versus ESVD for islands in ROI2. While the majority of single‐domain islands fall within the single‐domain
stability field (yellow shade), some are in the two‐domain stability field (blude shade), providing evidence for magnetostatic interactions and the denucleation of domain
walls (Devienne et al., 2024; Einsle et al., 2018; Mansbach et al., 2022). The micromagnetic model and analytical solution curves are taken fromMansbach et al. (2022).
The red‐shaded region shows the area where the micromagnetic model and analytical solution do not agree. (c) Pie charts of proportions of each domain state (single‐
domain, two‐domain, and higher‐order domain) in 1 μm increments from the tetrataenite rim.
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islands fall into the single‐domain stability region derived from modeling (Figure 2b) (Mansbach et al., 2022).
This discrepancy may be explained by four mechanisms: (a) previous modeling of the single to two‐domain
threshold is incorrect; (b) our determination of the diameter was sourced from the topographic image, which is
two‐dimensional (i.e., the island is thicker); (c) the islands were initially larger but then thinned down to a smaller
size during the making of the FIB slice while still retaining a non‐single‐domain structure; or (d) the islands
occupy a metastable two‐domain state.

We suggest that the latter two explanations are more likely since, for the third mechanism, micromagnetic
modeling of an initially two‐domain, 150 nm diameter tetrataenite island shows that the domain structure is
retained during progressive thinning of the island, either from one direction or from two directions, to at least 50%
and 20% of the initial volume, respectively, depending on the direction of thinning relative to the c‐axis (Figures
S15 and S16, Text S9 in Supporting Information S1). This is also the case for islands modeled containing multiple
c‐axes and three domains (Figure S17 in Supporting Information S1). This suggests that tetrataenite can retain its
domain state at smaller sizes after FIB sectioning or polishing prior to synchrotron measurement, a concern raised
during the initial formulation of the CZ as a paleomagnetic tool (Bryson, Herrero‐Albillos, et al., 2014). However,
the remanence may be affected by domain wall movement depending on the direction of thinning relative to the
c‐axis (Figures S15–S17 in Supporting Information S1). With regard to the fourth mechanism, previous
micromagnetic modeling of the transition from single‐vortex taenite to tetrataenite at island sizes below the
tetrataenite single‐ to two‐domain transition indicates that, depending on the ordering direction, the final state
could be a two‐domain or single‐domain island (Devienne et al., 2024; Einsle et al., 2018). The two‐domain state
would be considered metastable as it is not the global minimum energy state for that size, but the energy barrier to
relaxation into a single‐domain state corresponds to a time period longer than the lifetime of the solar system and
therefore could be observed today (Mansbach et al., 2022).

Next, we observe numerous instances of single‐domain islands that fall into the two‐domain stability region in
Figure 2b. This finding provides the first observational evidence for predictions derived from micromagnetic

Figure 3. Gaussian Decomposition of phase X‐ray magnetic circular dichroism (XMCD) values in ROI2. (a) Distribution of phase XMCD values from all islands within
ROI2 (blue dots). The solid black line shows the best‐fit of the linear superposition of six Gaussians. (b) The six Gaussians added together to create the best‐fit to the data
in (a). Each Gaussian distribution represents the contribution from one of six easy magnetization directions that tetrataenite may occupy. The vertical dashed black lines
represent the centers of each gaussian distribution. (c) The summation of areas under each Gaussian curve for various c‐axis pairs across the three regions of interest
(ROIs). An equal distribution of c‐axes would result in a value of 0.33 for each pair. (d) Ratios of the areas between polarities for each c‐axis pair. An equal distribution
of polarities would result in a value of 1 for each pair. Uncertainties shown are 95% confidence intervals. If no error bar is present, the uncertainty is smaller than the
symbol.
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modeling that if a two‐domain island is transformed into a single‐domain state via domain wall denucleation, the
island will remain single‐domain and not renucleate a domain wall even if the external field is removed. In the
context of the CZ, the most likely method of achieving domain wall denucleation is through stray fields produced
by one island on its neighbor since the required field is 100s of mT, much larger than any known planetesimal
field (Einsle et al., 2018; Mansbach et al., 2022). The identification of large single‐domain islands is therefore
strong evidence that magnetostatic interactions influence the domain structure and magnetization of CZ islands.
We acknowledge that an alternative method of producing a large single‐domain island is through taenite to
tetrataenite ordering along the c‐axis (Devienne et al., 2024), though further evidence for magnetostatic in-
teractions comes from hysteresis measurements of the CZ using X‐ray holography (Blukis et al., 2020).

4.2. Impact of Ptychographic Imaging on Previous Cloudy Zone Investigations

Previous CZ XPEEM studies have determined paleointensities by comparing XMCD intensities to the expected
results from a Maxwell‐Boltzmann distribution of magnetization directions along each of the three potential
crystallographic c‐axes (see Bryson et al., 2019 for full explanation). While there are numerous shortcomings of
this framework (see Text S10 in Supporting Information S1), here we focus on two assumptions addressed by our
high‐resolution magnetic images. First, the Maxwell‐Boltzmann approach assumes that all islands occupy a
single domain aligned in one of six directions. Allowing for multidomain islands or islands with multiple c‐axes
as observed in Figure 1 greatly expands the possible magnetic states that each island can occupy as the mag-
netizations of the islands will vary depending on the location of the domain wall or c‐axis interface. We note as
well that the identification of multiple c‐axes in individual islands supports the hypothesis that tetrataenite forms
from a nucleation and growth process starting either at the edge of, or within, the precursor taenite (Devienne
et al., 2024). Multiple c‐axes may be the result of various nucleation points that leads to ordering along more than
one Fe‐Ni plane simultaneously in different regions of one island (Figure S19 in Supporting Information S1). This
also highlights the potential importance of taenite remanence on the product tetrataenite magnetization (Devienne
et al., 2024) if the taenite magnetization influences the ordering direction of the tetrataenite (see next subsection).

Second, the Maxwell‐Boltzmann framework assumes the islands are not interacting such that the magnetization
of one island has no effect on its neighbor. As described in the previous subsection, our results provide strong
evidence that magnetostatic interactions are present and affect island magnetization. That said, the degree to
which magnetostatic interactions influence the ability of CZ tetrataenite to record external fields remains the
subject of further study. The interaction fields between islands are up to five orders of magnitude stronger than
any planetary field (Mansbach et al., 2022), which would seemingly mask the imprint from an external field.
However, Maurel et al. (2020) point out two reasons why XPEEM studies indicate that interactions should not
prevent the recording of a paleofield. First, average CZ remanent magnetization directions across multiple in-
terfaces in the same meteorite sample show unidirectionality, which would not likely be the case if interactions
were the driving factor in CZ remanence. Second, previous XPEEM experiments have detected both CZs with
distinguishable biases from zero (e.g., Bryson et al., 2015) and CZs with indistinguishable biases (e.g., Nichols
et al., 2016), though we note that null‐field detections have only occurred during data collection along one X‐ray
beam direction, which is important as the direction of the beam relative to the surface influences the observed
pixel intensity distribution as seen in Maurel et al. (2020). If magnetostatic interactions were the source of CZ
remanence, one would expect XMCD average intensities to always deviate from zero. It is for these reasons that
despite the findings here regarding the prevalence of multidomain tetrataenite and interactions in the CZ, we
conclude that the CZ can still indicate the presence or absence of a field, but quantitative paleointensity estimates
are not robust under the previous assumptions. A new model of the magnetization mechanism of the CZ is now
needed that takes full account of the domain states and interactions identified here.

4.3. Soft X‐Ray Ptychography as a CZ Paleomagnetic Technique

The high spatial resolution of soft X‐ray ptychography enables direct determination of the magnetization of
individual tetrataenite islands. Unlike XPEEM XMCD imaging, which expresses pixel intensities averaged over
many islands (Figure S20 in Supporting Information S1), ptychography allows the net magnetic moment of the
cloudy zone to be determined without domain state assumptions. This makes it a promising technique for
paleomagnetic studies of the CZ in the future.
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In our ptychographic XMCD data, we observe a consistent bias toward one c‐axis direction but no systematic
polarity preference along that axis or the other two axes across the three ROIs. If a paleofield was present, one
may expect the islands along each c‐axis to prefer the polarity closest to the field direction in each ROI given their
proximity. Thus, our results do not provide clear evidence for an external field in contrast with a previous XPEEM
study of the same sample (Bryson et al., 2015). Three factors may explain this discrepancy. First, ROIs in prior CZ
studies are typically defined as 500 nm–2 μm regions parallel to the rim to sample islands of uniform size (Bryson
et al., 2015; Maurel et al., 2020). Here, we defined ROIs nearly perpendicular to the rim, as data merging along the
rim was not feasible due to lack of significant overlap between ROIs, and dividing the ROIs into rim‐parallel
regions would yield too few islands per subset. Second, the total number of islands analyzed here (668, with
some double‐counted at ROI boundaries) is substantially lower than the thousands typically imaged in XPEEM
studies (e.g., Maurel et al., 2020), limiting statistical power (see Text S14 in Supporting Information S1). Lastly,
thinning of the island can cause shifts in the magnetization depending on the thinning direction relative to the
island c‐axis (see Text S9 in Supporting Information S1).

We note that the observed bias toward a consistent c‐axis may be indicative of formation in an external field
environment as density functional theory simulations of tetrataenite ordering show a preference for ordering along
the direction of the precursor taenite magnetization (Woodgate et al., 2023). However, we caution that this result
was for a uniformly magnetized grain at volumes far lower than the islands observed here, which we would expect
to be larger and occupy a vortex state as taenite (Devienne et al., 2023). Additional ptychography images collected
on CZs with and without reported field detections may establish the relationship between c‐axis distribution and
the presence or absence of an external field.

4.4. A New Way to Study Rock Magnetism

The ability of soft X‐ray dichroic ptychography to resolve the internal domain structure of ferromagnetic minerals
at sub‐10 nm resolutions opens numerous future avenues of research within the paleomagnetism and rock
magnetism communities that will greatly enhance our understanding of howminerals retain magnetic records. For
example, current methods of determining the dominant domain state in bulk samples rely either on proxy
techniques, such as first‐order reversal curves (Muxworthy & Roberts, 2007) and other products of hysteresis
loops (i.e., Day diagrams), or by comparing the sizes and shapes of known ferromagnetic particles to diagrams
determined through analytical calculations (e.g., Butler & Banerjee, 1975) and micromagnetic modeling (e.-
g., Muxworthy & Williams, 2006). Soft X‐ray ptychography allows the direct testing of these methods through
the imaging of particles with various morphologies and diameters, thereby verifying or changing our under-
standing of how domains evolve with size.

An additional benefit of soft X‐ray ptychography and other X‐ray imaging techniques is that they can be con-
ducted in the presence of an external field. Domain state imaging of grains in the presence of an increasing field
will provide key information into vortex core and domain wall movement that can lead to new models to assess
how bulk samples experience remagnetization or demagnetization, and test current models of domain wall
movement as well (Berndt & Chang, 2018). This is particularly important for the CZ, as it is proposed that large
single‐domain grains form as the result of domain wall denucleation through magnetostatic interactions as dis-
cussed above. Future studies can also take advantage of the ability to conduct soft X‐ray ptychography during
sample heating. This will create new insights into how domains change in response to increasing temperature and
how to interpret thermal demagnetizations of bulk rocks. In addition, it will provide an opportunity to test the
veracity of energy barriers calculated using micromagnetic models that are typically used to determine the sta-
bility of paleomagnetic records (i.e., Nagy et al., 2017).

5. Conclusions
Recent advances in magnetic imaging now allow the determination of the internal magnetic domain structure of
individual nanoparticles. Here, we utilize soft X‐ray ptychography to image the domain structure of individual
tetrataenite islands in the Esquel pallasite at sub‐10 nm spatial resolution. We find that the CZ is dominated by
two‐domain and higher‐domain tetrataenite, with further evidence for strong magnetostatic interactions between
islands. In addition, we observe numerous instances of islands containing multiple c‐axes. Our results indicate
that previous assumptions taken to calculate paleointensities from the CZ are invalid and therefore new models to
convert experimental observations into quantitative paleointensity estimates are urgently needed. Additionally,
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further experimental work is required to constrain how external fields influence multidomain tetrataenite. Our
results also suggest that soft X‐ray ptychography can be a novel method of conducting paleomagnetic studies of
the CZ if a statistically meaningful number of islands are imaged, and Gaussian deconvolution of XMCD his-
tograms could reveal preferred c‐axes and polarities. Our results additionally exemplify the power and utility of
high‐resolution magnetic imaging in furthering our understanding of how paleomagnetic systems acquire and
express their magnetizations. Future work may implement X‐ray ptychography to directly study how domains
change with grain morphology and size, and how ferromagnetic minerals respond to external fields and heating.
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