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Stray magnetic field imaging of thin exfoliated iron halides flakes
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Magnetic van der Waals materials are often proposed for use in future spintronic devices, aiming to leverage
the combination of long-range magnetic order and near-atomic thinness to produce energy-efficient components.
One class of material that has been discussed in this context are the iron halides FeCl2 and FeBr2, which are
A-type antiferromagnets with strong uniaxial magnetocrystalline anisotropy. However, despite characterization
of the bulk materials, the possibility for sustaining the magnetic behaviors that would underpin such appli-
cations in thin flakes has not been investigated. In this work, we use nitrogen-vacancy center microscopy to
quantitatively image magnetism in individual exfoliated flakes of these iron halides, revealing the absence of
magnetic remanence, a weak induced magnetization under bias field, and variable behavior versus temperature.
We show that our results are consistent with the antiferromagnetic behavior of the bulk material with a soft
ferromagnetic uncompensated layer, indicating that extended (>1 µm) ferromagnetic domains are not sustained
even at low temperatures (down to 4 K). Finally, we find that the magnetic order is strongly affected by the
sample preparation, with a surprising diamagnetic behavior observed in a thin, hydrated sample.

DOI: 10.1103/PhysRevB.109.064416

I. INTRODUCTION

Intense research is directed towards magnetic van der
Waals materials due to their potential for allowing the creation
of miniaturized and energy-efficient spintronic devices [1–3].
One class of interesting materials in this context are van der
Waals A-type antiferromagnets, which feature both ferromag-
netic (FM) order within a single layer and antiferromagnetic
(AF) coupling between adjacent layers [see Fig. 1(a)], and
thus resemble a naturally occurring version of a synthetic
antiferromagnet [4] which finds widespread use in conven-
tional spintronics [5]. The combination of these properties
presents opportunities for exploiting the ferromagnetism of
an extremal layer (for example, to induce a proximity-based
effect [6,7]) while minimizing the total stray field emanating
from the component, and hence limiting crosstalk or interfer-
ence with other parts of a device [8].

The iron halides FeCl2 and FeBr2 are compounds known
to exhibit A-type AF ordering in the bulk form [9,10], and
have recently been synthesized in the ultrathin regime [11,12].
Further, it has previously been argued that monolayer FeCl2
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could possess a half-metallic ground state [13,14] (although
this is disputed [15]), while bilayer A-type antiferromagnets
in general are known to become half-metallic when gated
[16]. Crucial to many such spintronic applications (i.e., half-
metallicity or interface effects) is the existence of extended
FM domains within the monolayer near zero field and at
accessible temperatures.

These materials have previously been characterized in the
bulk or powdered form using techniques such as neutron
diffraction [17–19], which have established their AF behavior,
but have not addressed the thickness dependence of this order
or important properties such as domain size and coercivity.
Crucially, there is precedent for magnetic properties emerging
in thin flakes of van der Waals materials that are not ob-
served in the bulk material, such as hard ferromagnetism in
Fe3GeTe2 [20] and local perturbation of local A-type AF order
[21]. In this work we complement previous work using wide-
field nitrogen-vacancy (NV) center microscopy [22], which
allows quantitative magnetic images of individual flakes to
be collected rapidly and with submicrometer spatial resolu-
tion, potentially revealing a variety of magnetic phenomena,
including FM and AF behaviors [23,24].

We study mechanically exfoliated flakes of varying thick-
ness up to 100’s of nm, and first find limited remanent
magnetization at temperatures T down to 4 K for both FeCl2

and FeBr2. We then observe diverse behavior when varying
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FIG. 1. Experimental setup and expectations for antiferromagnetic flakes. (a) Crystallographic scheme for iron halides structures: the Fe2+

ions (blue and red) are ferromagnetically coupled within a layer, and each layer is antiferromagnetically coupled with the adjacent ones.
Magnetic contributions from the halogen ions (green) are negligible. (b) Wide-field magnetometry experimental setup: the samples lie on top
of a diamond substrate, which is patterned with an aluminum grid and an omega-shaped gold resonator for microwave (MW) delivery. A green
laser beam illuminates the diamond from below and the NV radiation is collected by a sCMOS camera. (c) Optical images of (left) the diamond
substrate, where the MW resonator and aluminum grid can be seen, and (right) a FeBr2 thin flake covered by a hBN flake. (d) Side view scheme
of the thin flakes lying on top of the diamond, according to the different models from left to right: hard uncompensated layer (“hard UL”) for
single-domain configuration, “no UL” for both single and multiple domains, and “soft UL” for multiple domains. The generated stray fields
are sensed by a dense layer of NV spin defects at a standoff distance zNV below the top surface. (e) Simulated hysteresis cycle at zero absolute
temperature of the z-projected magnetization (normalized to the saturation value) as a function of the bias field applied along the c axis, for
an iron halide flake with N layers according to the no UL model in the single-domain configuration. The schemes show the magnetization
orientation of the sublattices at different stages. (f) Zoom-in version of the previous plot for our bias-field measurement range, showing the
models no UL (green), hard UL (blue), and soft UL (orange). The arrows indicate the sweeping bias-field direction. (g) Simulated stray fields
for arbitrary flakes’ geometries under zero bias (top panel) and −400 mT bias field (bottom panel). Each column corresponds to a different
model from left to right: hard UL, no UL, and soft UL.

the background magnetic field and sample temperature, some-
times even within the same flake. By comparing our results
to micromagnetic models, considering the possibility for
paramagnetic (PM) and AF ordering, we find that these ob-
servations are most consistent with soft ferromagnetism in
uncompensated monolayers, unable to sustain large domains
(�1 µm) even at T ≈ 4 K. In addition, we observed a surpris-
ing diamagnetic behavior in a thin, hydrated sample of FeBr2

produced via a wet transfer method. Our results provide useful
information on the magnetic behavior of FeCl2 and FeBr2 in

the thin, single-flake regime, and highlight the importance of
sample preparation on their magnetic order.

II. EXPERIMENTAL DETAILS

The iron halides samples studied in this work were made
from commercially sourced anhydrous bulk FeCl2 (97%,
Acros organics) and FeBr2 (98%, Acros organics) materials,
mechanically exfoliating thin flakes and transferring them
onto a diamond substrate. We found that the as-bought iron
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halides are flaky materials that can be directly exfoliated from
powders using a tape, without any solid-state crystal growth,
obtaining large enough flakes (few tens of microns in size)
down to tens or few hundreds nanometers thin. All exfoliation
and transferring steps of flakes were carried out in a glovebox
at room temperature by the dry transfer method (unless speci-
fied otherwise). The flakes were mechanically exfoliated onto
polymethylsiloxane (PDMS) sheets and subsequently trans-
ferred onto a specified region of a diamond substrate. In order
to protect the samples against ambient degradation, the iron
halides flakes were sealed with a hBN flake (thickness <40
nm). More details about the complete process can be found in
Appendix A.

The experimental setup for wide-field magnetometry is
depicted in Figs. 1(b) and 1(c): the iron halides flakes lie
on top of a diamond substrate, which is patterned with an
aluminum grid to protect the samples from laser illumination,
and an omega-shaped gold resonator for microwave (MW)
delivery. A green laser beam (λ = 532 nm) illuminates the di-
amond from below, exciting a dense layer of nitrogen-vacancy
(NV) spin defects ≈ 500 nm below the top surface (standoff
distance zNV). These defects are sensitive to the environmen-
tal magnetic fields and radiate photoluminescence (λ ≈ 650
nm) that is collected by a sCMOS camera [22]. The stray
magnetic fields, which relate to the sample magnetization,
can be mapped in a 50×50 µm2 field of view, with ≈ 1 µm
resolution. All the experiments were performed in a dry cryo-
stat (Attocube), with working temperatures down to 4 K and
equipped with a superconducting vector magnet which can
supply a bias magnetic field up to 1 T in any direction. See
Appendix B for a more explicit description.

III. THEORETICAL EXPECTATIONS

Wide-field NV microscopy is a stray field measurement
technique, meaning that we aim to infer information about a
sample’s magnetization by measuring the resulting magnetic
field [25,26]. The field measured is the projection along the
NV axis, which for the following measurements is aligned
with the anisotropy axis (the c axis) of the iron halides sam-
ples. Before proceeding further, we begin with an overview of
the possible limiting magnetic behaviors the iron halides may
exhibit, and introduce how these will be distinguishable using
NV microscopy.

Both FeBr2 and FeCl2 materials are expected to have A-
type AF order below the Néel temperature TN (14 K for FeBr2,
24 K for FeCl2) and under low-bias fields (<1 T) applied
along the c axis, alternating positive and negative magne-
tization for consecutive layers [9,10,27–31], as schemed in
Fig. 1(a).

For ideal flakes (low pinning), it is expected that each layer
behaves as a single FM domain, with all magnetic moments
pointing in the same direction, then a pair of adjacent layers is
magnetically compensated and generates no stray fields, while
an uncompensated layer (UL) contributes with its single-
domain magnetization. We call these single-domain models
“no UL” when the number of layers N is even and hence
the magnetization is completely compensated, and “hard UL”
when N is odd and there is a single-domain UL.

On the other hand, in thin and small flakes comprising
not more than a few hundreds of layers and tens of µm for
the in-plane dimensions, imperfections (intrinsic or extrinsic
due to the fabrication process) may facilitate the formation
of multiple domains within each layer. As a result, adjacent
layers will still compensate each other in pairs due to the
strong AF interactions, but the multidomain structure of an
UL will resemble a soft ferromagnet. We call this model “soft
UL” when there is an UL (odd N); while the even N case has
the same stray field predictions as the “no UL” model for our
typical ≈ 1 µm spatial resolution, so we will consider them
equivalent.

Notice that all models are governed by AF interactions,
independently of their domain configuration. Single-domain
layers are magnetically hard, in contrast with multiple-domain
layers which are magnetically soft. In addition, the even or
odd number of layers is what defines whether there are un-
compensated domains or not.

The stray magnetic fields generated by arbitrary flakes’
geometries can be calculated if the material’s magnetization
�M is known, as described elsewhere [32]. In a single-domain

model, we can consider each FeBr2 or FeCl2 layer within the
flake as a unit in which all magnetic moments �μ are pointing
in the same direction (then saturated). Using literature values
for μ [17] and the lattice parameters [33], we obtained the sat-
uration magnetization MS for FeBr2 (0.49 MA/m) and FeCl2

(0.61 MA/m). Having determined | �M| = MS for each layer,
the magnetization orientations can be simulated by consider-
ing them as free variables in an energy density E equation that
has to be minimized:

E = EZeeman + Edemag + Emagcrys + EAF, (1)

where the energy density contributions come from the
Zeeman, demagnetizing, magnetocrystalline, and antiferro-
magnetic exchange terms, respectively. For A-type antiferro-
magnetism, a flake composed by N layers can be treated as
two sublattices (namely, “odd” and “even”) with independent
magnetization orientations. We consider bias fields B0 applied
along the c axis (also z direction) and define the polar angles
θ with respect to this axis. For the general case of axial
symmetry, the only two free variables to minimize E are the
polar angles θodd and θeven. Each energy contribution can be
described as follows:

EZeeman = −B0MS

[
Nodd cos(θodd ) + Neven cos(θeven)

N

]
,

Edemag = 1

2
μ0M2

S

[
Nodd cos(θodd ) + Neven cos(θeven)

N

]2

,

Emagcrys = Ku

[
Nodd sin2(θodd ) + Neven sin2(θeven)

N

]
,

EAF = JAF

[
N − 1

N
cos(θodd − θeven )

]
,

where MS is the magnetization saturation, Nodd and Neven are
the number of layers for each sublattice, Ku is the uniaxial
anisotropy, and JAF is the AF exchange constant (absolute
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value). For more details about the explicit formulation and
parameter values see Appendix C.

The simulated hysteresis cycle for a FeBr2 flake accord-
ing to the no UL model (even N) at T = 0 K is shown in
Fig. 1(e), where the normalized z projection of the total flake
magnetization Mz/MS is a function of the bias field B0. The
schemes show the magnetization orientation of the sublat-
tices at different stages. For |B0| � 3 T, the Zeeman energy
overcomes the AF exchange energy and the sample reaches
magnetic saturation following a spin-flip transition [29]. For
lower biases, the AF exchange prevails and the two sublattices
are magnetically compensated, meaning Mz = 0. The hard
UL model is essentially similar, although the magnetization
is not fully compensated in the low-bias region because of the
UL, which contributes with a fraction 1/N of the normalized
magnetization.

The cycle is zoomed-in in Fig. 1(f) for our typical mea-
surement range, including the three models: hard UL (blue),
no UL (green), and soft UL (orange), which we will explain
later. The gray arrows show the bias-field sweeping direction,
which evidences reversible processes for the no UL and soft
UL models, whereas the magnetization in the hard UL model
depends on the previous exposure to the bias field. Examples
for the computed stray fields produced by arbitrary flakes’
geometries and sensed by the NV centers in a parallel plane at
zNV = 1 µm, as illustrated in Fig. 1(d), are shown in Fig. 1(g),
for zero bias (upper panel) and B0 = −400 mT (lower panel).
As expected for the hard UL model, a single-domain UL
generates a constant stray field in this low-bias regime (left
column), where for this particular case we proposed a previous
saturated magnetization in the −z orientation. For the no UL
single-domain model (central column), the magnetization is
totally compensated, hence, no stray fields are generated. We
note that these simulations are valid in the T = 0 K limit, and
we expect a weak linear response to the bias field due to the
thermal energy at finite temperatures.

The multiple-domain models (no UL and soft UL) assume
that the domain size is below our 1-µm spatial resolution, in
which case the detected stray fields would be averaged over
the contributions of many domains within the same flake.
In order to simulate the energy landscape according to this
model, Eq. (1) should be updated by adding complex domain
dynamics, which depend on many factors such as the sample’s
geometry and crystallographic defects. In contrast with the
single-domain models, we expect a strong dependence on the
bias field since magnetic domains will be competing to grow
and at the same time to balance the AF exchange. In the
case of multidomain compensated layers (no UL), no stray
fields can be detected with our spatial resolution regardless of
the domain dynamics. However, simulating the UL case (soft
UL) under these conditions is a nontrivial task. To circumvent
this complicated scenario we consider a soft FM model [see
cartoon in Fig. 1(d)], which depends linearly on the bias
field and has no measurable remanent magnetization, essen-
tially resembling a monolayer soft ferromagnet. For low-bias
fields, the hysteresis loop is linear and reversible, as shown
in Fig. 1(f) (orange curve). The corresponding stray fields are
simulated in Fig. 1(g) (right column), showing no remanent
magnetization for zero bias (top panel) and a nonsaturated
value for low bias (bottom panel).

IV. RESULTS

Optical images of the iron halides samples are shown in
Figs. 2(a) and 2(d) for both FeBr2 and FeCl2 flakes, re-
spectively, covered by protective hBN flakes. Atomic force
microscopy (AFM) images are in the middle panels, with line
cuts linked to the height profiles in the bottom panels. For
both samples, the flakes are not uniform in height and are
composed of many layers, ranging from 100 to 200 nm (160
to 320 layers) for FeBr2 and 150 to 300 nm (260 to 510 layers)
for FeCl2 (calculations are based on the lattice parameters
[33]).

We performed a set of wide-field magnetometry measure-
ments at different bias fields applied along the c axis, keeping
the temperature constant at 4 K. Another set was measured
with a constant 200-mT bias field and varying the temper-
ature up to 50 K. The first set (T = 4 K) is displayed as
stray field maps series in Figs. 2(b) and 2(e) for FeBr2 and
FeCl2 samples, respectively. We observe that in both sam-
ples the stray magnetic fields vary reversibly with the bias
field, showing no signs of remanent magnetization or hys-
teresis (we show this explicitly in Appendix D). Furthermore,
we notice that in each sample the entire flake reacts to the
bias field in a similar way, proving that the main magnetic
contribution comes from the iron halides. Any magnetic im-
purities would show localized behavior, with a much higher
magnetic intensity compared to the weak stray fields that
we detect, as we will explain in more detail in the next
subsection.

The approximately linear response of the stray fields with
respect to the bias field is in principle compatible with the
soft UL model, with almost zero coercivity, or PM behav-
ior. By comparing line cuts across the magnetic and AFM
images [Figs. 2(c) and 2(f)] for the different bias fields, we
can see that the magnetic signals are not strongly correlated
with the height profiles, as would be expected for PM. This
observation is the first hint that the soft UL model may best
describe the systems, which supposes that domains below the
measurement spatial resolution reversibly grow in size with
applied magnetic field strength. However, establishing this
quantitatively requires a more thorough comparison to theory
as we will introduce in the next section.

A. Analysis of magnetic field dependence

Following the existing characterization of the bulk material
[9,10,19,27–29,31,34–37], we would expect our measure-
ments at T = 4 K (T < TN for both materials) to show AF
behavior in better agreement with our single-domain models.
This would imply that the stray fields should remain constant
either close to zero (no UL) or at a fixed value (hard UL), but
our experimental results contradict this interpretation. Con-
versely, the multiple-domain soft UL model may explain the
nonuniform and not-constant behavior, evidencing an irreg-
ular distribution of magnetic domains, which will be mostly
related to crystallographic defects and the sample geometry.
However, a weak response with zero remanent magnetization
could also be attributed to paramagnetism.

To consider the paramagnetic explanation, we build a
model for thin flakes assuming that they are PM throughout
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FIG. 2. Samples characterization and magnetic maps showing negligible remanent magnetization. (a), (d) Optical and AFM characteriza-
tion for FeBr2 and FeCl2 samples, respectively. Optical images (top panels) match the AFM measurements (middle panels), in which line cuts
are correlated with height profiles (bottom panels, shaded areas represent experimental uncertainties). (b), (e) Stray field map series for FeBr2

and FeCl2 samples, respectively, under different bias fields. For both samples, the magnetic signal decreases with the bias field, pointing to
zero or very low remanent magnetization. (c), (f) Stray fields and height profiles along the line cuts shown in (b) and (e) for FeBr2 and FeCl2

samples, respectively, evidencing no correlation with the samples’ topographies.

their volume, in which case the magnetic response will be
proportional to the number of layers. Each Fe2+ ion (Br or
Cl contributions are negligible) will contribute to the mag-
netization MPM based on their quantum numbers S (spin), L
(orbital angular momentum), and J (total angular momentum)
(see Appendix E for more details). High quantum numbers
will result in large MPM, and for this model we use the lowest
configuration J = S = 1, L = 0, as suggested in [29] (later we
will demonstrate that even the lowest PM expectation is too
high compared to the experimental values). The magnetization
of the whole flake at temperature T and under a bias field B0

can be calculated as [38]

MPM = ngJμBBJ(x),

x = gJμBB0/kBT, (2)

where n is the number of atoms per unit volume, g = 2 is
the Landé factor for this quantum configuration, μB is the
Bohr magneton, BJ is the Brillouin function, and kB is the
Boltzmann constant. The magnetization �MPM will be oriented
parallel to the bias-field direction, and the stray fields outside
the flake can be simulated [32].
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FIG. 3. Magnetic signal versus bias field along with possible magnetic models. (a), (d) Stray field maps at temperature 4 K and bias 200 mT
along the c axis. The color scale represents the field intensity sensed by the NV sensors at 500 nm (FeBr2) and 250 nm (FeCl2) standoff
distance. (b), (e) Averaged stray fields as a function of bias field for identified regions (error bars represent one standard deviation) along with
expectations for the different models: No uncompensated layer (green solid line), hard uncompensated layer (blue solid line, the shaded area
represents the standoff uncertainty), soft uncompensated layer, which represents a region in-between as depicted by the right-margin schemes,
and paramagnetic (red shaded area). Dashed curves are linear fits for experimental points. (c), (f) Same plots but using logarithmic scale for
stray fields and including the ferromagnetic model (brown shaded area).

Considering the soft UL and PM models, we analyze the
magnetic properties in small regions within the thin flakes,
looking for evidence that supports any of them. Figures 3(a)
and 3(d) identify several regions for FeBr2 and FeCl2 samples,
respectively, in which the stray fields are spatially averaged.
The results are shown in Figs. 3(b) and 3(e) (error bars repre-
sent one standard deviation in the spatial average), along with
the no UL model (green line at 0 µT, which is extrapolated
from bulk data, where the effect of any UL is negligible, taken
at 4 K [9,10]), the hard UL model (blue constant line at the
top, the shaded area represents the standoff uncertainty) and
the PM model for a wide range of number of layers according
to the AFM measurements (red shaded area). The soft UL
model is in-between the no UL and hard UL ones, as shown
by the schemes on the right margin, the precise scaling is
difficult to model but will involve a monotonic rise towards
saturation within the layer, featuring negligible remanence
and coercivity.

In both samples and in all regions, the stray fields exhibit
a linear dependence on the bias-field intensity (dashed fitted

lines), with negligible remanent magnetization and coercivity.
As discussed before, this general behavior is in clear disagree-
ment with the single-domain models in this low-bias-field
regime, showing either zero stray fields (no UL) or constant
values for an UL (hard UL), equal to (57 ± 9) µT for FeBr2

and (85 ± 4) µT for FeCl2 (based on anticipated saturation
magnetizations 0.49 and 0.61 MA/m, respectively, see Ap-
pendix C). Even if we consider a mixed case for our spatial
average, containing submicrometer regions with even and odd
number of layers, the average stray field would have an inter-
mediate value but it should be constant as a function of the
bias field.

A pure PM model taking into account lower and upper
boundaries for the number of layers (obtained from the AFM
measurements) also fails because the experimental magnetic
signal should be much more intense. Figures 3(c) and 3(f)
reproduce the previous plots but using logarithmic scale for
the stray fields to show that the expected PM response is
roughly 10 times stronger. To have the complete picture, a
full FM model (brown shaded area) is included taking the
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same layer boundaries as before, showing that aligning all
the magnetic moments in the flake would generate a magnetic
response more than one order of magnitude higher compared
to the PM model at this bias-field range. These observations,
along with the fact that we are detecting very weak stray
fields below the single-layer limit (hard UL model), demon-
strate that the flakes behave as antiferromagnets and that the
measured magnetic fields come from the iron halides and not
from magnetic impurities (which would produce localized and
relatively intense magnetic fields).

Despite the fact that pure PM is not the appropriate model
to describe our samples, it is possible that only small vol-
umes within a flake are PM, contributing with a weak linear
response. However, the lack of correlation between the flakes’
topography [i.e., the height distribution; Figs. 2(a) and 2(d)]
and the stray field intensity suggests that multiple (subd-
iffraction limit) domain structures are responsible for the
inhomogeneous behavior, at least in addition to any of these
small PM volumes. The soft UL model fits this description
and predicts a linear and weak response resulting from the
expansion of domains, in principle, a fraction of the stray
fields generated by a single UL that increases as the bias field
is increased. Nevertheless, because we expect many crystallo-
graphic defects and stacking faults throughout a flake, it may
be more likely that a sample has a few effectively uncompen-
sated layers rather than a single one. Given that there is no
strong correspondence between the strength of the magnetic
signal and the sample thicknesses measured by AFM, a more
likely explanation is that the interlayer antiferromagnetism
can break down locally as has been observed in similar A-
AF systems [21,24]. The interlayer antiferromagnetism could
potentially be disrupted by variable stacking orders, stacking
faults, or even crystal strain.

B. Temperature dependence

The soft UL and PM hypotheses can be further examined
by looking at the temperature-dependent volume magnetic
susceptibility χv(T ). Since we previously showed that the
stray fields are proportional to the bias fields B0 at T = 4 K
in our measurement range, we will assume the following
approximation:

χv = ∂ (μ0M )

∂B0
≈ μ0M

B0
,

where μ0 is the vacuum permeability and M is the sample’s
magnetization. In the PM case, χPM

v (T ) can be calculated
using M = MPM(T ) from Eq. (2). Modeling or simulating
the soft UL susceptibility χ sUL

v (T ) would require informa-
tion about the magnetic domains, which is beyond the scope
of this work. However, we can guess that a lower bound
would be the single-domain (SD) AF susceptibility χSD

v (T )
(see Appendix F) because alternating magnetic layers would
try to hold their AF structure regardless of the bias field,
whereas multiple domains in an UL would be more respon-
sive to the bias field. Following this argument, we expect
that the sensitivity to the bias field is mainly dictated by a
single UL, while a full FM susceptibility χFM

v (T ), in which
all the layers are contributing, would be a much higher
bound.

The experimental stray field maps are displayed in
Figs. 4(a) and 4(c) for FeBr2 and FeCl2 samples, respec-
tively, for different temperatures and under a constant bias
field B0 = 200 mT along the c axis. At first glance, it be-
comes clear that the flakes do not evolve as a whole unit:
the magnetic signal decreases or increases with temperature
depending on the region. We studied χv(T ) for representative
regions, as shown in Figs. 4(b) and 4(d) along with the Néel
temperature (vertical dashed lines) and expectations for the
different models. Error bars for experimental values were
assigned by propagating the uncertainties from the spatial
average of stray fields and volume estimation. Additionally,
we include a qualitative plot for susceptibility expectations on
a larger scale [see inset in Fig. 4(b)], which is valid for both
samples.

The magnetic models are mainly different below TN, where
the interactions between magnetic moments are stronger than
the thermal energy. Above TN, χv(T ) decays roughly as 1/T
for all cases, slightly modified for the AF models (SD and
soft UL) by the Weiss temperature θW which gives χv(T ) ∝
1/(T + θW) (see Appendix F for details). Comparing the
experimental results with the model predictions at low tem-
peratures in Figs. 4(b) and 4(d), we observe that the PM
expectations are at least one order of magnitude higher. We
can conclude that although it is possible to have small PM
volumes within the flake, paramagnetism is definitely not the
global magnetic ordering.

The AF models describe the susceptibility much better,
as expected for these materials, anticipating an increasing
χv(T < TN) as T decreases for a multiple-domain structure
and a decreasing χv(T < TN) in the single-domain case.
If we assume a multiple-domain structure and the pres-
ence of uncompensated layers in these thin flakes, then
it is reasonable to find average susceptibility values in-
between the SD and soft UL predictions, depending on each
region. For instance, region D4 [see Fig. 4(d)] suggests
the presence of a relatively large single domain while the
other regions are compatible with submicrometer multiple
domains.

The temperature results reinforce the previous discussion
about the linear response to the bias field, in favor of the soft
UL model. Furthermore, the region-dependent behavior is in
agreement with the hypothesis that crystallographic defects
and irregular shape effects will play a major role and generate
a multiple-domain magnetic structure.

C. Diamagnetic behavior in hydrated samples

Finally, we examine a separate FeBr2 sample fabricated
using a wet transfer method, anticipating that the sample
preparation may affect the magnetic behavior. We studied the
effect of exposing a similar sample to ambient conditions,
finding that hydration occurs within minutes, showing clear
changes in the topography (see Appendix G). Although we
protected the main FeBr2 sample as usual, we suspect that
a chemical transformation has occurred at some stage be-
tween exfoliation from the bulk crystal to loading into the
cryostat.

Additionally, this sample was prepared on a 〈100〉 surface-
oriented diamond sensor, meaning that all the NV axes have

064416-7



FERNANDO MENESES et al. PHYSICAL REVIEW B 109, 064416 (2024)

FIG. 4. Volume susceptibility versus temperature along with models expectations. (a), (c) Stray field maps under 200 mT bias along the
c axis, at temperatures below, close, and above the Néel temperature. The color scale represents the field intensity sensed by the NV sensors
at 500 nm (FeBr2) and 250 nm (FeCl2) standoff distance. (b), (d) Averaged volume magnetic susceptibility as a function of temperature
for identified regions (error bars represent one standard deviation) along with expectations according to different models (solid lines):
single-domain antiferromagnetism (blue), soft uncompensated layer (orange), paramagnetism (red), and ferromagnetism (brown). The inset in
(b) shows the qualitative behaviors of these models in a larger scale, valid for both samples. The Néel temperature is represented by a vertical
dotted line.

both parallel and perpendicular components relative to the
sample c axis (see Appendix H). In this geometry, bias fields
can be applied along any of the NV axes, which are not
aligned with the anticipated crystal anisotropy axis, possibly
allowing us to uncover more varied magnetic behaviors such

as canting away from the c axis [24]. In particular, we are
able to assess the degree to which the sample magnetization is
pinned to the c axis.

Figure 5(a) shows an optical image of the sample, in
which several regions are identified and labeled with their
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FIG. 5. Diamagnetic behavior in hydrated FeBr2 sample. (a) Op-
tical image in which several regions are identified and labeled
according to their height. (b) Reconstructed stray field maps mea-
sured at 4 K and projected along the z axis for opposite 280-mT (left)
and −280-mT (right) bias fields applied along the (−1, 1, −1) NV
axis. (c) Average stray fields versus bias fields, both projected along
the z axis, for all identified regions (error bars represent one standard
deviation uncertainty). A proportional and opposite response relative
to the bias field can be observed in all regions, consistent with
diamagnetism.

average height. The reconstructed stray field maps mea-
sured at 4 K and projected along the z axis (for ease of
comparison with our previous measurements) are shown in
Fig. 5(b) for opposite 280-mT and −280-mT bias fields
applied along the (−1, 1,−1) NV axis. Compared to our
previous results, we observe only very weak magnetic signals,
at least one order of magnitude smaller. More surpris-
ingly still, we observe that the detected average stray fields
are opposite to the bias field, suggesting a diamagnetic
behavior.

The stray fields in the selected regions are averaged, pro-
jected into the z direction ( �BNV · ẑ), and plotted as a function
of the bias field z component [see Fig. 5(c)]. We observe a
linear and negative response with similar values for all re-
gions, independently of their height. Using linear fittings and
correlating the stray fields with magnetization values, we find
diamagnetic volume susceptibilities ranging from −1×10−6

to −2×10−6, consistent with the order of magnitude expected
for a diamagnetic material. Through analysis of the stray field
patterning and comparison with simulation (see Appendix I),
we establish that strong anisotropy along the c axis is still
present, indicating that the magnetocrystalline anisotropy re-
mains even while the usual magnetic order has disappeared.

Although the underlying physics remains unclear, we think
that the diamagnetic behavior might be related to a change
in the spin configuration of the Fe2+ ions, transitioning from

the usual high-spin ground state (paramagnetic) to a low-spin
state (diamagnetic) due to changes in the crystal-field splitting
energy [39]. However, it is unclear to us why this transition
would take place.

V. CONCLUSIONS

Using wide-field NV microscopy, we have measured the
magnetic properties of individual FeCl2 and FeBr2 thin flakes
(100–300 nm thick) over a range of bias and temperature
conditions, complementing the previous bulk experimental
research for these materials with unique results. No flakes ex-
amined exhibited magnetic remanence or obvious hysteresis,
which we explain by a multiple-domain model with domain
sizes below our ≈1 µm resolution and the presence of un-
compensated layers. The volume magnetic susceptibility as
a function of temperature showed good agreement with our
model and suggested irregular domain configurations, which
could originate from crystallographic defects and shape ef-
fects in these thin flakes. More surprisingly, we found that
one sample was diamagnetic, which we tentatively attribute to
hydration of the crystal during a wet transfer process at some
stage between exfoliation from the bulk crystal to loading into
the cryostat.

Our results show that mechanically exfoliated, iron halides
thin flakes produced via a dry transfer method exhibit antifer-
romagnetic properties aligned with those observed in the bulk
materials: very weak stray fields; same crystallographic struc-
ture and vibrational modes; and similar Néel temperatures.
Our magnetic model of multiple domains in uncompensated
layers, resembling a soft ferromagnet, is in good agreement
with the experimental results, which means that these thin
flakes do not sustain the large magnetic domains required
for many spintronic applications. Future investigations into
methods better suited to producing high-quality monolayer
and bilayer samples such as molecular beam epitaxy [11,12]
may be worthwhile to establish whether larger domains can
exist in the ultrathin regime.
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FIG. 6. (a) FeBr2 and (b) FeCl2 bulk powders used for direct me-
chanical exfoliation, each scale bar is 5 mm long. (c), (d) Schematic
sealing process in which thin iron halides flakes are covered by a
protective hBN flake (thickness < 40 nm). (e), (f) Optical images for
a FeBr2 flake at the (c) and (d) stages, respectively.

APPENDIX A: SAMPLE FABRICATION

As described in the main text, FeBr2 and FeCl2 thin flakes
were obtained from mechanical exfoliation of commercially
sourced powders, which are displayed in Figs. 6(a) and 6(b).
All exfoliation and transferring steps were carried out in a
glovebox at room temperature. For the dry transfer, we first
prepared a PDMS sheet using a PDMS elastomer kit com-

posed of two liquid components (component A: the base;
component B: the curing agent) that were mixed to a ratio
of 10:1 wt.%. A 2×2 mm2 square-shape PDMS sheet was
then placed on a glass slide, which was previously treated by
oxygen plasma for 10 min. The diamond substrate was also
pretreated with plasma during 2 min to ensure strong adhesion
for the samples. After that, the iron halides flakes were me-
chanically exfoliated onto the PDMS sheets, then transferred
directly onto a specified region of a diamond substrate with
the transfer angle remaining horizontal, and finally heated at
30 ◦C–40 ◦C for 5 min.

In order to protect the samples from ambient degradation,
a PDMS slice was first treated with plasma for 2 min and then
coated with polypropylene carbonate (PPC). This PDMS/PCC
stack was used to pick a hexagonal boron nitride (hBN) flake
(thickness < 40 nm) and place it onto the iron halides flakes
at 60 ◦C, effectively sealing them. Figures 6(c)–6(f) show a
scheme of the sealing process along with optical images of a
FeBr2 flake before and after being covered.

The evaluation of the flakes’ stability was assessed by three
different preparation and control methods: 1. exfoliation in
air and posterior Raman spectroscopy in air; 2. exfoliation
in inert environment (glovebox full of Ar atmosphere) and
Raman in air; 3. exfoliation in inert environment and Raman
in a hermetic cell. Raman spectra are shown in Fig. 7, where
characteristic vibrational modes of FeBr2 (A1g) [40] and FeCl2

(T2g) [41] can be seen for the best protected case (method
3), then a slight degradation when exposing the samples to
air for the Raman control (method 2), and finally losing the
iron halides modes when samples are not protected at all
(method 1). Consistently, water molecule O-H vibrational
modes (around 3400 cm−1) are present when the samples are
partially or completely exposed to ambient conditions, but not
in the best protected case.

Samples FeBr2 and FeCl2 from the main text were exfo-
liated in glovebox but we did not immediately evaluate the
Raman results to ensure that the flakes were not degraded.

FIG. 7. (a) FeBr2 and (b) FeCl2 thin flakes’ stability studied by Raman spectroscopy under different preparation and evaluation conditions:
both exfoliation and Raman in air (top panels), exfoliation in glovebox and Raman in air (middle panels), and exfoliation in glovebox and
Raman in hermetic cell (bottom panels). Characteristic vibrational modes of FeBr2 (A1g) and FeCl2 (T2g) structures are clearly present in the
most protected conditions, and they disappear when samples are exposed to air. Consistently, water molecule vibrations (O-H, around 3400
cm−1) appear when the samples are exposed to air.
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FIG. 8. Raman evaluation for main samples (a) FeBr2 and
(b) FeCl2. The main vibrational modes A1g of FeBr2 and T2g of FeCl2

provide evidence that the samples were not degraded.

Only after all the magnetic measurements were done we pro-
ceeded to the Raman evaluation, as shown in Figs. 8(a) and
8(b) for FeBr2 and FeCl2 samples, respectively, confirming
that the flakes were not degraded and that they exhibit the
characteristic iron halides vibrational modes.

The crystallographic structure was studied by a Rigaku FR-
X DW diffractometer on the bulk materials before mechanical
exfoliation (signals coming from the thin flakes are too weak
for this study) [see Figs. 9(a) and 9(b) for FeBr2 and FeCl2,
respectively]. The experimental signals (black curves) are
compared with peak positions of reference powder patterns
(red vertical lines) No. 04-010-9404 for FeBr2 [42] and No.
04-005-4387 for FeCl2 [43], evidencing that they share the
same P3m1 crystal structures. Although there are very low
quantities of oxide impurities (which may even come from
contamination in the equipment rather than in the samples),
their crystalline structure is characterized by strong chemical
bounds rather than van der Waals forces, as in the case of
iron halides. Then, the further exfoliation process reduces the
chance of finding any iron oxide impurities in the flakes.

APPENDIX B: NV WIDE-FIELD SETUP

The stray fields sensed by the NV spin defects were
measured by optically detected magnetic resonance (ODMR)
by sweeping the MW frequency and looking for photo-
luminescence (PL) contrast, which is indicative of a spin
transition related to the stray fields intensity. A further ex-
planation can be found in [44]. The diamond sensors were

FIG. 9. X-ray Diffraction for bulk (a) FeBr2 and (b) FeCl2

materials before mechanical exfoliation. The experimental patterns
(black) are compared with peak positions of reference powder pat-
terns (red vertical lines) to show that they share the same crystal
structure (P3m1).

made from type Ib high-pressure high-temperature (HPHT)
diamond substrates, purchased from Element Six, with a N
density of ≈50 ppm. Dense NV layers (<5 ppm) were cre-
ated through ion implantation: 2-MeV Sb implantation at a
dose of 2×1011 cm−2 for the initial set of measurements, and
100-keV C implantation at a dose of 1×1013 cm−2 for the hy-
drated sample measurements. These implantation procedures
result in NV sensing layers of ≈500 nm (2 MeV Sb) and
≈200 nm (100 keV C) thickness, which sets the upper bound
of the sample-sensor standoff in our experiments when taken
in combination with the thickness of the Al/Al2O3 coating
≈150 nm. The surface orientation of the diamond sensors was
〈111〉, except for the hydrated sample measurements which
used a 〈100〉 diamond.

The MW delivered by the gold resonator was produced by
a signal generator Rohde & Schwarz SMB100A, gated by
a switch Mini-Circuits ZASWA-2-50DR+ and amplified by
Mini-Circuits HPA-50W-63. A 532-nm laser (Laser Quantum
Ventus) and an acousto-optic modulator (AA Opto-Electronic
MQ180-A025-VIS) were used to initialize and readout the
NV layer, synchronized with the sCMOS camera PL acqui-
sition and a SpinCore PulseBlaster ESR-PRO 500 MHz card.

APPENDIX C: ENERGY DENSITY
FOR THE SINGLE-DOMAIN MODEL

Our single-domain model considers an AF flake with N
layers as a two-sublattice system, defined by odd and even
layers, each of them having their own magnetization ( �Modd

and �Meven). The orientation for each sublattice magnetization
as a function of the bias field can be obtained by minimizing
the energy density proposed in Eq. (1). Assuming c-axial
cylindrical symmetry, before reducing the system to two sub-
lattices and considering each layer i independent, the energy
density terms can be described as follows:

EZeeman = −MS

[
1

N

N∑
i

( �ei · �B0)

]
,

Edemag = 1

2
μ0M2

S

[
1

N

N∑
i

cos(θi )

]2

,

Emagcrys = Ku

[
1

N

N∑
i

sin2(θi )

]
,

EAF = JAF

[
1

N

N−1∑
i

cos(θi − θi+1)

]
,

where MS is the saturation magnetization, �ei = �Mi/| �Mi| is
the magnetization orientation for the layer i, θi is the polar
angle for �ei, Ku is the axial magnetocrystalline anisotropy, and
JAF is the AF exchange constant (absolute value). Each term
will compete to align each layer’s magnetization in different
directions: EZeeman looks for alignment along the bias-field
direction, Edemag tries to keep them in the basal plane while
Emagcrys in the c axis, and EAF favors antiparallel magnetic
orientation between adjacent layers i and i + 1.

If we consider that odd and even layers behave as sub-
lattices with Nodd and Neven number of layers, respectively,
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TABLE I. Numerical values for energy density equation at 4 K.

Parameter FeBr2 FeCl2 References

MS (MA/m) 0.49 0.61 [9,10,29]
Ku (kJ/m3) 700 400 [45,46]
JAF (kJ/m3) 650 200 [33,47,48]
B0,b (T) ≈3.1 ≈1.1 [9,10,29]

as expected for type-A antiferromagnetism, then the N free
variables { �Mi} are simplified to �Modd and �Meven. Further-
more, setting the bias-field direction along the c axis, the
previous energy terms reduce to those stated in the main
text.

Numerical values for the energy parameters were chosen
according to literature values and checking that our model
reproduces the expected bias breaking field B0,b for which
the spin-flip transition occurs and the magnetization aligns
(almost) completely with �B0 when it is applied along the c
axis (see Table I). All values are given for T = 4 K.

APPENDIX D: HYSTERESIS MEASUREMENTS

When performing magnetic measurements on the samples
described in the main text, no hysteresis was observed after
cycling the bias fields. We explicitly investigated this on thin-
ner FeCl2 flakes (estimated to be 50 nm thick), where it may
be expected that hard FM behaviors in uncompensated layers
(or at least diverse behavior compared to the bulk) could be
more apparent [20]. Figure 10 shows the results for three
different samples, averaging the stray fields in a delimited
region (error bars represent one standard deviation). In all
cases, we observe a linear trend consistent with the results in
the main text, showing negligible remanent magnetization and
coercivity.

FIG. 10. Stray field hysteresis measurements for different flakes.
(a) Stray field maps at 280-mT bias fields for three flakes named
A, B, C (from top to bottom) in which the stray fields are averaged
within the green delimited region. (b) Stray versus bias fields, cycling
the bias field from zero to the maximum positive value, then to the
maximum negative value, and finally back to zero. All flakes show
negligible magnetization and coercivity.

FIG. 11. Calculated paramagnetic moment per Fe ion (in Bohr
magneton units) as a function of (a) bias field at 4 K and (b) temper-
ature at 200 mT. The values at 4 K and 200 mT have been identified
with shaded circles in both plots.

APPENDIX E: PARAMAGNETIC MODEL

Paramagnetic theory [38] allows to build a model in which
the whole flake is considered PM, then each Fe2+ ion con-
tributes to the total magnetization MPM according to the
quantum numbers S, L, J [see Eq. (2) in the main text]. The
Landé factor g is described by

g = 1 + J (J + 1) + S(S + 1) − L(L + 1)

2J (J + 1)
,

which gives g = 1.5 for a free ion (J = 4, S = L = 2) [35]
and g = 2 for both the special case of a free ion with quenched
angular momentum (J = S = 2, L = 0) [49] and a bounded
ion (J = S = 1, L = 0) [29]. This constant scales the magne-
tization MPM, while the functional form can be described by
the Brillouin function:

BJ(x) = 2J + 1

2J
coth

(
(2J + 1)

2J
x

)
− 1

2J
coth

(
x

2J

)
,

where the argument x = gJμBB0/kBT includes the bias field
B0 and temperature T dependence.

Figures 11(a) and 11(b) show the PM moment per Fe ion
μPM = MPM/n (n is the number of atoms per unit volume)
as a function of bias field at T = 4 K and as a function of
temperature at B0 = 200 mT, respectively. The three quan-
tum models (labeled by the quantum number J) have been
included, confirming that the bounded ion J = 1 exhibits the
weakest magnetic response. Notice that these curves are com-
mon for both FeBr2 and FeCl2 lattices since we are neglecting
the contribution of Br or Cl ions.

The magnetization curves MPM can be finally calculated
using the values n = 13.4 nm−3 for FeBr2 [18] and n =
16.2 nm−3 for FeCl2 [28].

APPENDIX F: TEMPERATURE DEPENDENCE
EXPECTATIONS FOR BULK ANTIFERROMAGNETISM

The behavior of volume magnetic susceptibilities χv of AF
materials as a function of temperature are well studied and
described (see [38,50]). Below the Néel temperature TN, the
susceptibility should decay from its maximum value χv(TN)
towards a remanent susceptibility χv(0 K) (ideally zero),
as demonstrated experimentally [9,10,36]. Above TN, the
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susceptibility should decay similar to a paramagnet (as 1/T )
but modified by the Weiss temperature θW, then χv(T >

TN) ∝ 1/(T + θW). For bulk FeCl2 it is reported that θW =
48 K [38], whereas for FeBr2 we could not find any reference
value. For a qualitative model, we estimate this parameter
from the ratio between the Néel temperatures:

θW[FeBr2] = θW[FeCl2] × TN[FeBr2]

TN[FeCl2]
≈ 28 K.

APPENDIX G: HYDRATION EFFECT
UNDER AMBIENT CONDITIONS

Iron halides samples are prone to degradation under am-
bient conditions. We studied the evolution of a FeBr2 flake
exfoliated from the bulk (similar to the ones studied in the
main text), starting at 0 min in an inert atmosphere with
constant N2 flowing, and then we stopped providing N2, let
the air in, and recorded AFM images as a function of time.
A scheme of the hydration process is illustrated in Fig. 12(a),
along with representative AFM images in Fig. 12(b), showing
how the topography gradually changed within minutes, being
the thicker regions much easier to degrade than the thinner
regions. By 16 min the flake was stable and no more changes
were detected. The height profiles along the blue dashed lines
in Fig. 12(b) (the arrows indicate the plotting direction) are
presented in Fig. 12(c), showing how the sample’s thickness

FIG. 12. Hydration process in a FeBr2 flake exposed to ambient
conditions. (a) Hydration scheme: the sample is introduced to ambi-
ent conditions (H2O and O2) and it progressively becomes hydrated,
enlarging its volume. (b) AFM images at different stages of the
process, starting from a protected N2 atmosphere at “0 min” and
evolving in the presence of air until “16 min.” No noticeable changes
occurred after that time. (c) Height profiles across the dotted line
at different times, showing how the thickness increased as a result
of hydration. The thicker regions of the flake were much easier to
degrade than the thinner regions.

FIG. 13. (a) Orientation of the four NV axes relative to the crys-
tal anisotropy c axis. (b) Full stray field vector reconstruction from
the original map measured along the NV2 axis at 280-mT bias field
(left), projected along the (x, y, z) directions (right).

increased as a function of time (shaded areas represent the
height uncertainty). This effect is attributed to hydration,
which is consistent with the Raman studies in Fig. 7.

APPENDIX H: ALTERNATIVE NV AXES ORIENTATION

Figure 13(a) shows the NV axes orientation relative to
the crystal anisotropy c axis, along the directions (1,1,1),
(−1, 1,−1), (1,−1,−1), and (−1,−1, 1) in Cartesian co-
ordinates. As the NV spin Hamiltonian is invariant under
a change in sign of the bias field, the positive or negative
prescription is arbitrary, and in the following we define the
positive direction to be that which has a positive projection
in the laboratory z direction, coincidental with the c axis. The
stray fields detected are also defined in this way.

From a magnetic map on the thin flakes sample measured
along one of the NV axes (with both parallel and perpendicu-
lar components relative to the c axis), the full stray field vector
�B can be reconstructed, as explained in [44]. Figure 13(b)
shows an example of this process, in which the original stray
field map (left) measured along the (−1, 1,−1) NV2 axis is
used to obtain the (x, y, z) projections of �B.

APPENDIX I: SIMULATIONS FOR
DIAMAGNETIC SAMPLE

The diamagnetic response of a thin FeBr2 flake at 4 K
and under a 280-mT bias field applied along the NV2 axis
was simulated and compared to the experimental measure-
ments, displayed in Fig. 14(a). The simulations describe the
stray fields according to two different magnetic anisotropy

FIG. 14. (a) Experimental NV2 projection of the stray fields gen-
erated by a FeBr2 flake under a 280-mT bias field applied along the
NV2 axis at 4 K, sensed by the NV centers at 500 nm standoff dis-
tance. (b), (c) Stray field NV2 projections simulated under the same
bias and temperature conditions assuming (b) a strong anisotropy c
axis and (c) no anisotropy axis.
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models: strong anisotropy along the sample’s c axis and no
magnetic anisotropy [Figs. 14(b) and 14(c), respectively]. In
the former case, the flake’s magnetic moments try to align
in the opposite direction to the bias field, but the crystalline
anisotropy prevents them to align perfectly and pins them to
the c axis. In the latter case, there are no restrictions for the
magnetic moments and they align perfectly opposite to the
bias field. When the stray fields are projected along the c axis,

the strong anisotropy model shows a better agreement with the
experimental results, which is evidenced by the nonzero stray
fields matching the inner regions of the flake, which should
vanish in the no-anisotropy case.

We note that the stray field predicted by the simulations,
which assumed a magnetic volume susceptibility of −2×10−6

typical of a diamagnet, is in the µT range, well above the
experimental noise floor in our images, which is about 100 nT.

[1] J. F. Sierra, J. Fabian, R. K. Kawakami, S. Roche, and S. O.
Valenzuela, Van der Waals heterostructures for spintronics and
opto-spintronics, Nat. Nanotechnol. 16, 856 (2021).

[2] X. Lin, W. Yang, K. L. Wang, and W. Zhao, Two-dimensional
spintronics for low-power electronics, Nat. Electron. 2, 274
(2019).

[3] M. Ashton, D. Gluhovic, S. B. Sinnott, J. Guo, D. A. Stewart,
and R. G. Hennig, Two-dimensional intrinsic half-metals with
large spin gaps, Nano Lett. 17, 5251 (2017).

[4] J. Seo, E. S. An, T. Park, S. Y. Hwang, G. Y. Kim, K. Song,
W. s. Noh, J. Y. Kim, G. S. Choi, M. Choi, E. Oh, K. Watanabe,
T. Taniguchi, J. H. Park, Y. J. Jo, H. W. Yeom, S. Y. Choi,
J. H. Shim, and J. S. Kim, Tunable high-temperature itinerant
antiferromagnetism in a van der Waals magnet, Nat. Commun.
12, 2844 (2021).

[5] R. A. Duine, K. J. Lee, S. S. Parkin, and M. D. Stiles, Synthetic
antiferromagnetic spintronics, Nat. Phys. 14, 217 (2018).

[6] B. Huang, M. A. McGuire, A. F. May, D. Xiao, P. Jarillo-
Herrero, and X. Xu, Emergent phenomena and proximity effects
in two-dimensional magnets and heterostructures, Nat. Mater.
19, 1276 (2020).

[7] M. Bora and P. Deb, Magnetic proximity effect in two-
dimensional van der Waals heterostructure, J. Phys. Mater. 4,
034014 (2021).

[8] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich, Antifer-
romagnetic spintronics, Nat. Nanotechnol. 11, 231 (2016).

[9] I. S. Jacobs and P. E. Lawrence, Metamagnetism and exchange
in ferrous bromide, J. Appl. Phys. 35, 996 (1964).

[10] I. S. Jacobs and P. E. Lawrence, Magnetic Phase transitions and
hysteresis in FeCl2, Solid State Commun. 18, 995 (1967).

[11] X. Zhou, B. Brzostowski, A. Durajski, M. Liu, J. Xiang, T.
Jiang, Z. Wang, S. Chen, P. Li, Z. Zhong, A. Drzewiński, M.
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