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Magnetic domain formation in two-dimensional materials offers insight into the fundamentals of
magnetism and serves as a catalyst for the advancement of spintronics. In order to propel these
developments, it is crucial to acquire an understanding of the evolution of magnetic ordering at the
nanometer scale. In particular, two-dimensional magnetic insulators allow for the realization of
atomically sharp magnetoresistive tunneling junctions with nonmagnetic electrodes, therefore lifting
one of the major constraints for the realization of computing in memory based on magnetoresistive
elements. In this study, we visualize magnetic ordering in monolayers of annite, a fully air-stable
layered magnetic mica. Using a nanometer-scale scanning superconducting quantum interference
device microscopy, we directly observe domain formation in this representative of two-dimensional

magnetic phyllosilicates.

Two-dimensional (2D) magnets are an exceptionally rich class of materials
both for studying the fundamentals of magnetism and for potential appli-
cations in spintronics'™. The van der Waals (vdW) nature of these materials
makes them interesting to study because it covalently decouples them from
the substrate and achieves a closer to ideal 2D limit, compared to conven-
tional magnetic thin films or substrate/interface mediated magnetism°®. In
particular, 2D magnetic insulators are interesting for integration into tunnel
junctions, where the presence of the external magnetic field can be used to
modulate the tunneling barrier’. Their integration into metal-insulator-metal
junctions could open avenues for developing low-power and high-efficiency
electronic devices, magnetoresistive memory, and self-reconfiguring circuits’.
Using 2D magnetic insulators lifts the need for ferromagnetic electrodes, and
their vdW nature enables atomically sharp interfacing. Consequently,
memory elements based on 2D magnetic insulators could be closely inte-
grated with logic devices, as diffusion of magnetic ions is not an issue’.

To date, monolayers of FePS;'*"", CrPS,"?, CrSBr", Crl;", Cr,Ge, Tes'”
and Fe;GeTe,'® are among the most extensively investigated 2D magnetic
systems. Ordering in their atomically thin films can be efficiently modulated
by external stimuli, such as electric and magnetic field”"”. Many 2D
magnets exhibit A-type layer-by-layer antiferromagnetic ordering and
consequently, e.g., thin films of Crl; and CrPS, with an odd number of

mono-layers have a net moment due to an uncompensated layer'>'**’. To
image magnetic domains in 2D layer-dependent magnetic systems, a range
of scattering techniques has been employed, including magneto-optical Kerr
effect, x-ray magnetic circular dichroism, and neutron scattering**'***.

From an implementation perspective, 2D vdW magnets face chal-
lenges related to ambient stability***, necessitating encapsulation during
fabrication and limiting their potential applications. One promising alter-
native involves alloying transition metal dichalcogenide monolayers with
magnetic elements like V, Fe, or Co™*, or synthesizing 2D silica thin films
incorporating transition metal cations”*". However, in both cases, ensuring
low concentration and uniform distribution of these dopants is crucial for
stabilizing the 2D magnetic structure.

Naturally occurring phyllosilicates offer air-stable layered structures
with diverse compositions and an opportunity to integrate high concentra-
tions of magnetic ions’”. Recent studies on this class in the 2D limit have
demonstrated that crystalline phyllosilicates retain large band gaps, high
dielectric constant, and can incorporate magnetic moment ions and retain full
ambient stability in monolayers, which are vital for future nanotechnology
applications’ . Due to their bio-compatibility and their capability for inter-
layer ion exchange, they are also interesting candidates for cancer treatment™.
With respect to nanotechnologies, talc was among the first phyllosilicates
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used in 2D-electronics and nanomechanics”*. Currently, minerals such as
kaolinite and montmorillonite are utilized in the biomedical, automotive, and
aerospace industries for their biocompatibility, mechanical strength, thermal
stability, and sustainability’>”*. 2D phyllosilicates also show promise for
energy storage applications, as in “blue batteries™**. They also provide
insights into geological processes and past environments, including those on
Mars, where their presence suggests ancient hydrological activity and
potential habitability*.

While phyllosilicates are being researched in many different fields of
science and have a number of applications, their potential as 2D magnets has
been largely overlooked. While there has been extensive research on mag-
netism in bulk phyllosilicates”~*’, a direct observation of magnetic domain
structure within this mineral class remained elusive until now.
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This article reports on the visualization of magnetic domains and layer-
dependent magnetic ordering in phyllosilicates. Using a nanometer-sized
superconducting quantum interference device (SQUID) to perform scanning
SQUID microscopy (SSM)*, we directly map the stray magnetic fields above
a single crystalline flake of annite, a Fe-end member of the mica family.

Results and discussion

Long-range magnetic ordering and imaging of the hysteresis
loops in 2D flakes of annite

Annite (KFe3™(AlSi);0;,(OH),) belongs to the class of 2:1 layered silicates.
These minerals consist of M-(O, OH) octahedra flanked by two inward-
facing sheets of linked T-O tetrahedra, as illustrated in Fig. la. Relaxed
structure obtained from ab-intio calculations is presented in Supplementary
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Fig. 1 | Direct observation of long-range magnetic ordering in 2D annite.

a Illustration (to scale, based on ab-initio calculations) of annite layer structure,
highlighting the layer thickness, and the basic T-O-T building blocks: central
octahedral groups, capping tetrahedral groups, and interlayer ions. The core Fe ion
in the center of the octahedron is illustrated by a red circle and the arrow denotes the
spin and the preferred in-plane orientation. b Schematic of the scanning SQUID
microscopy experiment, illustrating fully in-plane polarized sample by the external
field (left), and the scanning electron micrograph of the scanning SQUID sensor
(right); dashed lines indicate the SQUID circuit. ¢ AFM overview of the sample.

Dashed lines mark the atomic step transitions. Dashed circles mark trapped
impurities between annite and SiO, substrate. d B,(x, y) map corresponding to the
same area as in (c), under an external field of yoH, = 800 mT. e Magnetic hysteresis
loop of the sample’s stray magnetic field as a function of yoH,, extracted from the
area indicated by the solid rectangle in (d). (f1-5)B,(x, y) maps of the marked area in
(d) for selected poH, values from the down field sweep. Dashed lines indicate the
topographic step edge. Above each sub-panel in (f1-5) a sketch of the sample’s cross-
section is shown, illustrating the magnetization direction along the x-axis, the
applied field yyHy, and sample’s stray field B,.
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Fig. 2 | Layer-dependent properties of the hysteresis loops. a-d Examples of the
extracted hysteresis loops from the BS*®(uoH,) reconstructed from the different step
edges, ranging from one to four monolayers within a step edge. Circles represent the
extracted experimental values, while the solid lines are the best hysteresis fits (see
Methods). The number of layers (L) for each step and the total flake thickness above
and below the step edge is indicated in each sub-panel. e The B3*8 for various step
heights is plotted as a function of the layer step height when the flake is close to
saturation (goHy = 800 mT). Inset of e illustrates cross-section and the B detected

Hoby (M) 800

HoHy (mT) 800

layer step height (nm)

from the different edges. f Coercivity as a function of the layer step height. Solid lines
in (e, f) represent the mean fit through all the data points, with dashed lines indi-
cating standard deviation. In e the fit is fixed also to the origin point. In e and f colors
of the symbols indicate the different sample regions, while diamonds indicate 1L
steps, circles 2L steps, squares 3L steps and stars 4L steps. Error bars in (e) and (f)
demonstrate the standard deviation in B'8, as measurements were recorded on
multiple spots along the steps.

Fig. 1. In the case of annite, the central octahedral ion sites in these octa-
hedral sheets are almost completely occupied by Fe, while the T sites are
primarily filled by Si and AI. The central Fe cations are coordinated to four
oxygen atoms and two adjacent hydroxyl groups. The proximity and
alignment of Fe cations within the octahedral sheets, layer separation, and
the oxidation state of Fe strongly impact long-range ordering”***. In the case
of annite, a dominant A-type in-plane layer-by-layer anti-ferromagnetic
behavior is observed at low temperatures™”. The silicate double layer
contains AlO, tetrahedral groups, maintaining an Al to Si atom ratio close to
1:3. Larger ionic species, mainly potassium (K), are located between the
2:1 sheets, to maintain stoichiometric neutrality by compensating for the
electron deficit from Al’* substituting Si*****".

2D flakes of annite were mechanically exfoliated and transferred onto
Si/SiO, via a dry deterministic transfer method. Due to the high crystal-
linity of the starting bulk annite mineral specimens (specimen number
M42126.1 - mineral collection of the Royal Ontario Museum, Canada),
the resulting flake exhibited a large uniform area and monolayer terraces
with thicknesses down to a few layers.

To locally probe the magnetic order of 2D annite flakes, we image the
out-of-plane component of their stray magnetic field B,. All the reported
SSM experiments have been conducted at a fixed temperature of ~5 K. We
scan a SQUID-on-lever probe™, illustrated in Fig. 1b, in a plane 150 nm
above the sample surface. In addition to measuring B,, we also measure
B o dB,/dz by oscillating the sample by a few nm in the z-direction and
demodulating the SQUID response at the oscillation frequency. B yields
higher spatial resolution and reduced background noise compared to B,™.
Figure 1c displays an atomic force microscopy (AFM) image of the exam-
ined sample. The presence of varying thicknesses within a single flake
enables to observation evolution of the magnetic behavior relative to the
number of layers (1L = 1.10 nm). Additional information on layer height
estimates and surface roughness is provided in Supplementary Fig. 2.

For the SSM experiment presented in Fig. 1d—f, we apply an in-plane
external magnetic field of yoH, = 800 mT in order to saturate the mag-
netization of the flake in the direction parallel to the sample’s basal plane (see

Methods). The resulting B,(x,y) is shown in Fig. 1d. The recorded signal
represents the sample’s out-of-plane stray magnetic field that originates
predominantly from the edges (dotted line in Fig. 1d) perpendicular to the
in-plane polarization. From the observed signal, it is evident that with the
applied in-plane external magnetic field, the entire sample is polarized
accordingly. The observed bubbles (denoted by dashed circles in Fig. 1c, d)
are identified as trapped impurities between the substrate and the annite
layer. These features induce localized strain and cause the basal plane of the
flake to deviate from the substrate plane, consequently resulting in observed
dipole-like stray fields localized near the bubbles. More information on these
features is provided in Supplementary Fig. 3.

To investigate the process of magnetic reversal in 2D annite flake, we
subsequently sweep down from 800 mT to —800 mT in 18 discrete steps. At
each poH,, we map B,(x, y) above the sample. Local magnetic hysteresis
loops are obtained by averaging the stray field above a particular area of the
sample. By averaging the stray field above particular step edges, we can infer
the magnetic behavior of the layers ending at that step. Figure le provides an
example of the reconstructed hysteresis of B*¢ (H, ) from the bulk-like step-
edge of the flake (25 nm step) highlighted in Fig. 1d by a solid rectangle.
Magnetization reversal in this region is observed at an applied magnetic field
between 75 and 80 mT. Several SSM images of the selected step-edge are
shown in Fig. 1 f1-5, following a down-sweep of the external field from
800 mT to -800 mT and focusing on the recorded images around the
coercive field. Reversing this procedure leads to a symmetrical inversion
process. Several overview SSM maps at different yoH, are provided in
Supplementary Fig. 4.

Figure 2 presents the hysteresis data generated from over 20 distinct
step edges of the sample, with step heights varying from 1 to 4 monolayers
(L) and total sample thicknesses ranging from 4 to 13 nm. Representative
hysteresis loops from 1L to 4L steps are shown in Fig. 2a-d. We observe that
the saturation of B*® increases linearly with the number of mono-layer
steps (Fig. 2e), which demonstrates that the magnetization in these materials
(magnetic moment/volume) appears to be constant from a few monolayers
to bulk. The saturation values are extracted from the SSM maps measured at
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Fig. 3 | Zero field-cooling versus field-cooling magnetic ordering. a AFM image of
a region with nearby flake steps, featuring 1L, 2L and 3L steps. b B3(x, y) map of the
same region after zero-field-cooling from 60 K down to ~ 5 K. ¢ Bi*(x, y) map after
field-cooling with pioH, = 100 mT from 60 K to ~ 5 K. Prior to scanning, external field
was swept back to yoH, = 0 mT. d Comparison of the B} signal considering the

cross-sections through the middle of b and c respectively. Arrows indicate the
direction of the detected stray field. e, f schematic cross-sections depicting the
probable spin configuration in b and c, respectively. g B:*(x, y) map of a thicker
region of the sample under zero-field-cooled conditions. Dashed lines indicate flake
and step edges. h AFM image of the same area as in (g).

an in-plane applied external field of 800 mT. We observed that the layers
beneath the step do not contribute to the measured magnetic signal, as a
consequence of the fully in-plane polarized sample.

Coercivity appears to be independent of the number of layers in the
probed sample thickness range (Fig. 2f), consistently measuring at (79 + 6)
mT. This value is consistent with the bulk measurements performed at ~5.7
K (explained later in section on bulk response), indicating that layer
thickness does not have an influence on the coercivity in the case of the fully
saturated in-plane magnetization loops. The thickness dependent saturation
of the stray field B{*® and coercivity up to 37.2 nm of total flake thickness
(about 34 L), saturation of the B*® as a function of the total flake thickness,
and response of the flakes below 4.9 nm thickness are provided in the
Supplementary Figs. 5 and 6.

Intrinsic in-plane interlayer antiferromagnetic order in annite
Contrary to a fully saturated case, if annite is heated above the critical
ordering temperature (Tc) and let to cool down without any external field
present, we observe a characteristic signature of the in-plane layered anti-
ferromagnetic ordering. Figure 3 illustrates the distinct differences observed
under field-cooled (FC) and zero-field-cooled (ZFC) conditions, focusing
on the set of mono-, bi-, and tri-layer terraces (Fig. 3a). In the ZFC condition,
the stray fields on the terraces alternate in direction, exhibiting both upward
and downward orientations (Fig. 3b). For the FC conditions, the field of
UOH, = 100 mT was applied during the cooling and imaging was done
without the applied field. In this case, the stray fields consistently align in a
single direction (Fig. 3¢) dictated by the direction of the external field applied
during the cool-down.

Figure 3 shows maps of B (x, ), which provides a more sensitive
measure of small spatial features than B,(x, y) (see Methods). A cross-section
of B (x, y) is presented in Fig. 3d. In the ZFC case, the peak intensity of the
signal that correlates with the edges oscillates between approximately
+ 1uT, regardless of the number of atomic steps. In the FC case, only
positive peak values are observed, and the intensity linearly correlates with
the number of the atomic steps. This discrepancy between the ZFC and FC
observed in the SSM images can be explained if we assume that the sample
orders as an in-plane interlayer antiferromagnet without the presence of the
external field. This is supported by a previous Moessbauer spectroscopy
study” of bulk annite. The observed stray field in the ZFC case originates
from the unpaired mono-layers. Corresponding schematics of the sample
cross-sections are presented in Fig. 3e, f, also illustrating the origin of the

magnetic dipoles. Furthermore, Supplementary Fig. 7 provides an example
of a sample region with a predominant even number of layers on the terraces
and a comparison between stray fields from 2L and 4L steps. For the sharp
even number of monolayer steps and even number of layered terraces, we
have observed only a weak stray field under ZFC conditions, and a clear
layer-dependent signal in the FC case.

In the thicker part of the sample, we observe the formation of complex
field patterns that indicate the existence of multiple magnetic domains when
the sample is allowed to self-magnetize - ZFC case (Fig. 3g). The domain
formation appears to be largely independent of topographical features
(Fig. 3h). We hypothesize that local disorder, which is more prevalent in
bulk-like samples due to the larger material volume, could play a role in
domain formation during ZFC experiments. These disordered areas might
serve as pinning sites, facilitating domain nucleation and growth. The
observed domains range in size from about 2 ym, down to 500 nm. How-
ever, due to the comparable size of the sample with the size of the larger
domains, we cannot exclude that the observed domains are affected by the
sample geometry. Additionally, we observed a reduction in feature size near
the edges of the sample, suggesting the formation of fractal-like domain
structures. This behavior is likely due to the system minimizing magneto-
static energy by subdividing domains to reduce stray fields (Supplemen-
tary Fig. 8).

Relation to the bulk magnetic response and Fe oxidation state

To establish a correlation between the findings from the magnetic imaging
and bulk properties, we have probed long-range magnetic ordering using
macroscopic SQUID magnetometry on the same bulk crystal that was used
to produce the flake. Magnetization loops M(uH) were recorded with the
external field strength varied between + 5 T, and within a temperature range
between 2 K and 300 K. For single crystal annite, a field of 150 mT is required
to initiate the spin flop transition from the antiferromagnetic (AFM) to the
ferromagnetic (FM) state”. Figure 4a presents the SQUID magnetization
loops measured along both in-plane (IP) and out-of-plane (OOP) directions
of the applied external fields — with respect to the basal plane of the crystal at
2 K. Above 2 K, saturation of the magnetization is achieved in the IP
orientation at an applied fields below 800 mT, whereas the OOP orientation
does not reach saturation within the probed external field range of +5 T,
supporting that the IP direction is the preferred axis of magnetization. A
minor paramagnetic component is observed, which features an increase as a
function of temperature (Supplementary Fig. 9). We hypothesize that the
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Fig. 4| SQUID of the bulk annite and XAS of the thin films. a Hysteresis loops (at 2
K) of a bulk single-crystalline piece of annite. The loops for the in- and out-of-plane
applied external field are referred with respect to the basal/cleavage plane of the
sample. b Hysteresis loops in the case of the in-plane applied external field, at several
temperatures ranging from 2 K to 10 K. ¢ Coercivity as a function of the temperature
(semi-log scale). Circles represent in-plane and diamonds out-of-plane applied
external fields, dashed lines are exponential fits. d ZFC (purple) and FC (orange)
curves of bulk annite crystal. For the FC-case, 10 mT of the external in-plane field
was applied. Inset of d present normalized dM/dT values as a function of T. Circles
denote the values obtained from the FC-ip curves, and diamonds are obtained from
the FC-oop curves. A solid line represents a Gaussian fit. e Inverse susceptibility as a
function of T, considering in-plane and out-of-plane FC curve. Solid line represents

the fit with respect to Curie-Weiss law, and is fitted to the range of 100-300 K. 6w
value is indicated along the line, extracted moment per iron atom and the estimated
ratio of the 2+ versus 34 oxidation states of iron are also indicated. f XAS data
extracted from XPEEM imaging. The top panel presents an AFM image of the
sample, indicating number of mono-layers. The middle panel presents the X-ray
absorption image obtained at 709 eV energy. Dashed lines indicate layer-steps.
Bottom panel presents X-ray absorption spectrum across the Fe L; edge (solid red
line) with individual Gaussian fits for the main and the satellite peaks that corre-
spond to the 24 and 3+ oxidation states of Fe. A cumulative fit is presented by the
dotted line. The spectrum was taken from the 3.0 nm thin flake, with the ROI
indicated by the red rectangle in the middle panel.

paramagnetic component originates from the potentially disordered regions
in the bulk crystal.

Figure 4b shows a temperature evolution of the IP M(uyH) loops,
between 2 K and 10 K. Magnetization loops recorded in the OOP config-
uration are provided in Supplementary Fig. 10. Observed temperature
dependent coercivity for both IP and OOP M(u,H) loops is presented in
Fig. 4c. From here, we can estimate that sample temperature in the magnetic
imaging study was at about 5.7 K, assuming that the coercivity is the same in
both bulk and thin films.

Tc of the examined bulk annite sample and the behavior in the para-
magnetic regime were determined from the bulk FC and ZFC experiments.
The M(T) curves, provided in Fig. 4d, were obtained by cooling down from
300 K to 2 K, with applied IP/OOP 10 mT in the FC cases. From the global
minima of the first derivative (AM/dT) we observe the same T of 36.5 K for
both IP and OOP applied fields.

By extracting the inverse of the susceptibility (y ') from the M(T)
curves (Fig. 4e), we see that the Curie-Weiss (CW) paramagnetism® well
describes the behavior of annite above ~100 K. At low temperatures, an
upturn observed in (y ') is attributed to onset of magnetic ordering and/or

the presence of additional magnetic contributions. Knowing the volume and
the composition of the sample, from the slope of the CW fit, we obtain that
Fe ions carry a local moment of 4.29 y. This indicates the mixture of Fe**
and Fe’" states™”. The inverse of the susceptibility slope implies to the
mixture between 2+ and 3+ oxidation states of iron, with
n#5 = (0.7 £ 0.2). The value & presents a fraction of the Fe in the 2+
oxidation state.

The point where the CW fit cuts the temperature axis refers to the Oy,
or the Curie-Weiss temperature. From the CW fits to the M(T) in the range
above 100 K, we obtain Ocw,p = 63.8 Kand Ocw oop = 11.7 K from the IP
and OOP FC curves, respectively. The discrepancy between 0w and T¢
values obtained from the dM/dT minima, are referred to as the two-T¢
problem™. This implies to a complex behavior of magnetic phyllosilicates in
the range where inter-layer and intra-layer coupling mechanisms compete.
For the IP-case, below 36.5 K, the intra-layer magnetic coupling is stronger
than the inter-layer coupling, and the ordering observed in the SSM
experiments prevails. As the temperature rises above Tc, the inter-layer
magnetic interactions weaken, leading to the decoupling of the magnetic
behavior of the layers. In this regime, the layers exhibit superparamagnetic
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behavior due to the increased thermal fluctuations. At temperatures above
63.8 K, the intra-layer magnetic interactions also begin to weaken, resulting
in a breakdown of the remaining magnetic order within each layer, resulting
in a paramagnetic state. We hypothesize that this behavior persists in the 2D
limit, as SSM and SQUID measurements indicate that layers interact weakly.

Below T, the dM/dT curves reveal a configuration-dependent beha-
vior; the in-plane measurements exhibit a second local minimum near 20.8
K, absent in the out-of-plane (OOP) data (Supplementary Fig. 11). This
feature likely reflects a secondary magnetic transition associated with Fe’*
dominated regions exhibiting a lower T¢***. In addition to Tc, the tem-
perature derivative of the ZFC magnetization curve exhibits a global minima
at 34.7 K, referred to be the Néel temperature (Ty) (Supplementary Fig. 11).

To confirm that the mixed oxidation state of Fe is preserved also in the
2D limit, we have performed X-ray absorption spectroscopy (XAS) on 2D
flakes, focusing on the Fe L; edge, by means of photoemission electron
microscopy (PEEM)™. Figure 4f presents the absorption spectrum corre-
sponding to the region of interest (ROI) highlighted in the top of the panel
(also showing XAS absorption map and the correlated AFM topography).
The analysis reveals a mixed valence state of iron, characterized by sig-
nificant proportions of Fe’* and Fe’* (Supplementary Fig. 12). In the thin
flakes, approximately #i7 = 0.55 of the iron exists in the Fe*" state. The
discrepancy to the data obtained from the CW fit could be attributed to a
combination of the close proximity to the metallic substrate needed for the
PEEM experiment and potential damage by the X-ray beam that could cause
a transition from a 2+ to a 3+ state. It was reported that the mixed valence
state and the competing Fe**-Fe’" versus Fe’"-Fe’* interactions could allow

for tuning of the T, even potentially reaching the room temperature™™.

Conclusion

Considering the entire mineral class of phyllosilicates, our SSM experiments
on exfoliated single-crystalline flakes of annite (fully Fe-substituted mica)
provide the first direct imaging of long-range net magnetic ordering and its
layer dependence in the 2D limit. We have observed that in the presence of
the external in-pane magnetic field the films order ferromagnetically, while
intrinsically (without the external fields), the films order as A-type in-plane
layer-by-layer antiferromagnets.

As 2D magnetic micas are fully air-stable, large band-gap, and high-k
vdW insulators, there are many opportunities to consider their integration
into magnetoresistive tunneling junctions, magnetic random access mem-
ories, spin transistors, and nano-scaled sensors. Therefore, these 2D magnetic
insulators could potentially be a core functional building blocks for com-
puting in memory technologies. Since many phyllosilicates are bio-
compatible and bio-degradable, further understanding and engineering
magnetism in this material class, especially at the 2D limit, could open ave-
nues in bio-technologies, as targeted drug delivery and in-vivo bio-sensing.

Methods

Sample preparation

A 2D flake of annite was prepared through micromechanical exfoliation
using sticky tape (Nitto Denko ELP BT150ECM). The process involved
repeatedly peeling the material against two pieces of tape, following a transfer
either to PDMS stamps or directly to Si/SiO, chips (with a 300 nm wet oxide
layer). In the case of gold-coated Si chips, PDMS stamps were used to prevent
partial peeling of the gold film from the substrate. An optical microscope was
initially used to identify the 2D flakes with sufficiently thin regions.

AFM measurements

Ambient AFM pre-characterization was conducted using a Horiba /AIST-
NT Omegascope AFM system. NuNano SPARK 350 Pt probes were used,
with a spring constant of 42 N/m, a resonant frequency of 350 kHz, and a tip
radius of 30 nm. Open-source software Gwyddion v2.56 was used to process
topography images, and thickness was measured by the bent step function
fitting the selected cross-section height profiles. Commonly, zero-order line
correction was applied, followed by the tree point averaging of the substrate
plane with respect to a single largest terrace.

SSM

The SQUID-on-lever scanning probe is fabricated by sputtering Nb on an
AFM cantilever and patterning its apex via focused-ion-beam milling, as
described by Wyss et al.**. The sensor is operated at 4.2 K in a semi-voltage
biased circuit, in which the current response Iy is measured by a series
SQUID array amplifier (Magnicon). By measuring the quantum inter-
ference pattern of the SQUID sensor, we determine an effective diameter of
140 nm. The sensor has an AC magnetic field sensitivity exceeding Sllg/ =
14T Hz /2 in the white-noise regime.

SSM is carried out in a custom-built scanning probe microscope
operating under high vacuum within a ‘He cryostat. Since Isquip is pro-
portional to magnetic flux, this response provides a measure of the local
magnetic field threading through the SQUID loop. The sensor is calibrated
by measuring the response of Isquip as a function of an out-of-plane applied
magnetic field yoH,. During imaging, the out-of-plane field was adjusted
between 10-20 mT to optimize the SQUID sensor’s field-dependent sensi-
tivity for detecting the sample’s stray field. The pixel size of the magnetic
images varies from 35 to 65 nm and the acquisition time is around 0.2 s/
pixel. The time constant used for the B: scans is 7~ 150 ms. By scanning the
sample using a scanning probe controller (Specs) and piezoelectric actuators
(Attocube) at a constant tip-sample spacing of 150 nm, we map B,(x, y) and
B*(x, y) in a plane above the sample. B &« dB, /dz is measured by oscil-
lating the sample by less than 10 nm at 78 Hz using a piezoelectric actuator
and demodulating the SQUID response at the oscillation frequency. Due to
spectral filtering and the higher spatial resolution characteristic of mea-
suring a magnetic field derivative™, the resulting signal contains less noise
than B,. Spatial resolution is limited by the tip-sample spacing and by the
effective diameter of the SQUID loop to approximately 150 nm. Note that
the axis of the SQUID is tilted by 10° with respect to the z-axis, because the
SSM is scanned in a standard AFM configuration to enable easy approach
the sensor tip without touching the rest of the cantilever body. As a result,
both B,(x, y) and B:*(x, y) are measured with a 10" tilt with respect to the
z-axis.

SSM maps were recorded from 800 mT to -800 mT in 18 steps, since
the hysteresis loops reach magnetic saturation around yoH, = -300 mT. The
number of recorded SSM maps was reduced in the range between + 400 mT
and + 800 mT.

SSM hysteresis reconstruction and fitting

From a sequence of the SSM maps at the different applied external fields
(poH,y), first a drift compensation between each SSM map is corrected for,
followed by a correlation to the pre-recorded high-resolution topography
map of the sample. Next, a rectangular region of interest (ROI) containing
only a single step-edge of interest is selected, having the edges pre-
dominantly perpendicular to the x axis of the ROI. For each row of the ROI
of the SSM map (at a fixed yoHy) the peak B, value is taken. These are
averaged over the ROT’s rows, yielding B"8 (4oHy) for the selected edge. The
hysteresis loop is then reconstructed by repeating the process for the same
ROI at the different external fields.

Fitting of the hysteresis loops extracted from the SSM experiments was
used for relative comparison of the saturation values with respect to the
ferromagnetic component of the signal and for extracting the coercivity
values. For these, smoothened step functions were fitted to each branch of
the loop simultaneously. A linear, paramagnetic, component was also added
to the fit. Four fitting parameters were used: saturation of the magnetization,
coercivity, spreading of the loop, and the paramagnetic slope. The loop
parameters were fixed for both branches. If the forward and the backward
branches of the loop are fitted separately, only minor deviation in the
extracted parameters is observed.

Bulk SQUID magnetometery

Bulk SQUID magnetometry: Long-range magnetic ordering of the bulk
crystal was probed using SQUID MPMS XL from Quantum Design. The
annite crystal was cut to dimensions of 4 x 4 mm?, and mounted on Si/SiO,
chip and placed inside the plastic straw holder to be able to measure both in-

Communications Materials | (2025)6:217


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-00936-7

Article

plane and out-of-plane M(uoH) curves at different temperatures using the
same piece of sample. The measured magnetic moment was normalized to
the weight of the measured annite crystal, and the diamagnetic contribution
of the Si substrate was derived from the high-field magnetization curves at
300 K and subtracted from all magnetization curves. M(T) curves were
recorded in IP and OOP configurations. The sample was cooled down zero
field (nominally, after the magnet reset), i.e., residual field ~ —0.2 mT. Then,
atalow temperature 10 mT field is applied, followed by M(T) measurements
while warming. The comparison with the FC gives the range where the
sample behaves hysteretically. Temperature-dependent static magnetic
susceptibility (x) and its inverse (y ") were extracted from M(T) measure-
ments performed under a small, constant magnetic field of 10 mT. The
susceptibility values presented reflect the total magnetic response measured
under the experimental conditions without any explicit paramagnetic
subtraction.

X-ray Absorption spectroscopy

X-ray absorption spectroscopy (XAS) measurements were conducted uti-
lizing the SPEEM end-station of UE49-PGMa beamline at the BESSY II
synchrotron radiation facility. 2D flakes of annite were deposited onto
gold-coated (50 nm) silicon chips for analysis. Both images and spectra were
obtained under linear polarized X-rays at a sample temperature of 40 K.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request. The set of raw data which
corresponds to the figures in the manuscript (where applicable) is also
available via: https://doi.org/10.5281/zenodo.17050437.
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