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Abstract

The recent isolation of two-dimensional van der Waals magnetic materials has uncovered rich
physics that often differs from the magnetic behavior of their bulk counterparts. However, the
microscopic details of fundamental processes such as the initial magnetization or domain reversal,
which govern the magnetic hysteresis, remain largely unknown in the ultrathin limit. Here we
employ a widefield nitrogen-vacancy (NV) microscope to directly image these processes in few-
layer flakes of magnetic semiconductor vanadium triiodide (VI3). We observe complete and abrupt
switching of most flakes at fields H. ~ 0.5 — 1 T (at 5 K) independent of thickness down to two
atomic layers, with no intermediate partially-reversed state. The coercive field decreases as the tem-
perature approaches the Curie temperature (7, ~ 50 K), however, the switching remains abrupt.
We then image the initial magnetization process, which reveals thickness-dependent domain wall
depinning fields well below H.. These results point to ultrathin VI3 being a nucleation-type hard
ferromagnet, where the coercive field is set by the anisotropy-limited domain wall nucleation field.
This work illustrates the power of widefield NV microscopy to investigate magnetization processes
in van der Waals ferromagnets, which could be used to elucidate the origin of the hard ferromagnetic

properties of other materials and explore field- and current-driven domain wall dynamics.
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Two-dimensional (2D) van der Waals materials exhibiting intrinsic magnetic order have
attracted enormous interest in the last few years.['® However, despite much progress in the
control of their magnetic properties, for example through electrostatic gating or control of
the stacking order,®? little is known about the mechanisms governing fundamental mag-
netic processes in the ultrathin limit. For instance, the extensively studied materials Crls (a
semiconductor) and Fe,GeTes (a metal) are soft ferromagnets in the bulk crystal form with
a remanent magnetization far below the saturation magnetization (a few percent),%'! but
surprisingly they become hard ferromagnets when exfoliated to a few atomic layers, with
a near square-shaped hysteresis and a large coercive field of H, ~ 0.1 — 1 T.[%12714 Since
hard ferromagnetic properties are crucial to applications, especially as a building block for
van der Waals magnetic heterostructures, it is of paramount importance to understand the
mechanisms that govern magnetization reversal in these systems. Unfortunately, the hetero-
geneous nature of exfoliated van der Waals samples precludes performing the macroscopic
magnetization measurements that are normally employed to analyze bulk magnets, calling

for the development of innovative approaches.

We address this problem by directly imaging the evolution of the magnetization of ul-
trathin flakes using a widefield nitrogen-vacancy (NV) microscope. This recently developed

15-18] s particularly well suited to the rapid analysis of multiple

magnetic imaging tooll
micrometer-sized samples such as exfoliated van der Waals materials, and allows us to track
the domain structure of individual flakes with sub-micron spatial resolution. This widefield
approach contrasts with single NV scanning magnetometry, 2 which offers a better spatial
resolution (~ 50 nm) but is inherently slow and limited to small image sizes. Compared with
magneto-optical imaging techniques, which are the gold standard for spatially-resolved stud-
ies of 2D magnets, 2 widefield NV imaging features a similar spatial resolution (~ 500 nm,

limited by optical diffraction) but presents the advantage of being quantitative, enabling the

absolute magnetization of individual flakes to be determined.

Our widefield NV microscope employs a diamond substrate incorporating a near-surface
layer of magnetically sensitive NV centers (Figure 1a). The diamond surface is patterned
with a metallic grid to facilitate the localization of the flakes which are prepared directly on
top of the grid (see Figure S1, grid not shown in Figure 1a for clarity). The distance between
the flakes and the NV layer is about 300 nm, such that it does not limit the sensitivity or

spatial resolution.?? The NV layer is excited by a laser and its photoluminescence is imaged
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FIG. 1. Widefield NV imaging of ultrathin van der Waals magnets. (a) Schematic of
the widefield NV microscope, comprising an NV-diamond sensing chip on which the hBN/VI3
heterostructures are prepared. PL: photoluminescence; MW: microwaves. (b) Optical micrograph
of exfoliated VI3 flakes (sample #1) on a Si substrate prior to encapsulation and transfer to the
diamond. (¢) NV magnetic field map (Bynvy) of the flakes seen in (b) after transfer to the diamond,
at 5 K. The NV projection axis is indicated by the thick arrow and points partly out of the plane.
A bias field of Bll%i{“}s =5 mT was applied along the NV axis during the measurement, which was
subtracted in the plotted map. (d) Map of the out-of-plane magnetization (M) deduced from (c).

In (b-d), the dashed lines indicate the location of the hBN top and bottom layers.

on a camera. The metallic grid also serves to prevent the laser light from reaching the
sample. Magnetic imaging is realized by sweeping the frequency of an applied microwave field
to obtain an optically-detected magnetic resonance (ODMR) spectrum.?>?) The ODMR
spectrum, acquired under a small bias field B3 = 5 mT aligned with the symmetry axis of
a given family of NV centers, exhibits two electron spin resonances separated by a Zeeman
splitting Af = 2yxv(BRE + Byy) where Byy (< BRE) is the stray field generated by the
sample, projected along the NV axis, and yny = 28.035(3) GHz/T is the NV gyromagnetic
ratio?324 (see example ODMR spectrum in Figure S7). Each pixel of the camera records an
ODMR spectrum, allowing a Byy map of the sample to be generated. The diamond-sample
assembly is placed in a cryostat allowing measurements from 4-300 K. (2]

We studied ultrathin samples of magnetic semiconductor vanadium triiodide (VI3). The
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magnetic properties of this van der Waals material were recently analyzed in the bulk form,
2729 reporting a hard ferromagnetic behavior with an out-of-plane anisotropy and a high
coercive field at low temperatures, H, ~ 1 T. Flakes mechanically exfoliated from a bulk VI
crystal were encapsulated with hexagonal boron nitride (hBN) to prevent degradation, and
transferred to the diamond substrate. Figure 1b shows the optical image of a VI3 sample
on a Si substrate (prior to transfer), comprising flakes of various thicknesses from tens
of nanometers down to three atomic layers in this case (based on the optical contrast, see
below). The NV magnetic field image (Byy) of the same sample after transfer and cooling to
a temperature of 5 K is shown in Figure 1c, revealing magnetic signals of tens of microteslas.
Knowing the projection axis of the measurement and the direction of the magnetization in
the sample (out-of-plane, z axis), we can reconstruct the magnetization map (M,), ! shown
in Figure 1d. The magnetization is given per unit surface area and reaches 50 ppz/nm? for
the thickest flakes in this sample (= 20 nm). Interestingly, the widefield image in Figure 1d
allows us to directly compare samples fully encapsulated with hBN to samples with hBN on
one side only or with no hBN at all. We find that the VI3 flakes that are not covered by hBN
(top of the images) are still magnetic but appear fragmented with a reduced magnetization as
a result of a short exposure to air during loading (= 5 minutes). However, there is no visible
effect of the hBN underlayer and no discontinuity in M, for flakes overlapping an hBN edge.
This indicates that the magnetic properties of the flakes imaged are not measurably affected
by interactions with the substrate. We also performed measurements under a larger bias
field (BR& = 200 mT instead of 5 mT) returning a very similar M, map (see Figure S15).

Therefore, for consistency all the measurements shown in the paper were taken at 5 mT.

To investigate the properties of ultrathin VI3, we prepared several few-layer samples
(fully encapsulated with hBN) and imaged their magnetization in similar conditions. Prior
to imaging, a magnetic field B, = +1 T was applied in the 42z direction to remove the
domain structure. Optical contrast maps of four samples studied are shown in Figure 2a,
from which the thickness of each flake was inferred (see Supporting Information, section
III), and are compared to the corresponding magnetization maps (Figure 2b). Most flakes
down to 3 layers, as well as one bilayer flake in sample #4, show a clear magnetic signal,
demonstrating that VI3 remains ferromagnetic down to two atomic layers. The variations
in magnetization within a given flake are attributed to local imperfections arising from

the encapsulation process (see Figure S2-S5) and/or degradation due to residual oxygen or
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FIG. 2. Magnetization maps of few-layer VI3 flakes. (a) Optical contrast maps of four
different samples prior to transfer to the diamond. The contrast is defined from the red channel
intensity, relative to the substrate. The numbers indicate the number of atomic layers inferred
from the optical contrast, corroborated by atomic force microscopy measurements (see Supporting
Information, section III). The red dashed boxes indicate the flakes that were effectively transferred
to the diamond (see Supporting Information, section II). (b) Corresponding magnetization maps at
5 K. (¢) Maximum M, value extracted from (b) for a selection of flakes, as a function of thickness.
The blue line is a fit to the data points, excluding the flakes showing zero magnetization. The
red dashed line corresponds to the bulk spontaneous magnetization of about one Bohr magneton
per formula unit (1 pp/fu.) or 5 up/nm? per layer.?®29 (d) Magnetization as a function of
temperature for several flakes in sample #1, with thickness from 3 layers (‘3L’) up to ~ 20 nm

(“thick?).

water in the environment. Sample degradation is also the likely explanation for the absence
of magnetic signal in some regions, including monolayer and bilayer regions in sample #4
but also thicker regions (3-4 layers) in all samples. We did not detect any magnetic signal
from monolayer flakes, but this could simply be due to degradation rather than an intrinsic
property. Monolayer flakes were found to be very difficult to fabricate and identify given the
low optical contrast (2%, see Figure S6), preventing a more systematic study. Nevertheless,
the magnetic sensitivity of our measurements should in principle be sufficient to detect a
magnetic monolayer, as illustrated by the large signal-to-noise ratio of bilayer and trilayer

flakes in Figure 2b.
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The spontaneous (areal) magnetization is estimated by taking the maximum M, value
observed in the images for each domain observed. This is plotted as a function of thickness up
to 9 layers in Figure 2c, revealing a roughly linear relationship with a slope of 1.9(2) jp/nm?
per atomic layer, which amounts to about 0.4 up per formula unit (pp/f.u). This is somewhat
lower than the spontaneous magnetization of &~ 1 pug/f.u. measured for bulk VI3 crystals,
2829 again possibly due to degradation of our ultrathin VI3 samples. Another possible
explanation is a mixture of ferromagnetic and antiferromagnetic interlayer couplings on a
sub-micron scale. This would give a reduction in average magnetization and only a subtle
difference between an odd and even number of layers, which cannot be ruled out by our
data. Interestingly, our ab initio calculations predict that the antiferromagnetic state is

energetically favorable in bilayer and trilayer VI3 (see Supporting Information, section XIII),

lending credibility to this interpretation.

By recording magnetic field images at various temperatures 7' (see Figure S10), it is
possible to determine the M, — T relationship as a function of thickness. This is shown in
Figure 2d, which reveals a Curie temperature of T, &~ 50 K similar for all the flakes analyzed
(down to 3 layers in this case), in agreement with the 7., of bulk VI3.?"?) The magnetization
of the thickest flakes (20 nm) tends to drop more rapidly than for thinner flakes, which we

attribute to domain formation in this small applied magnetic field.

In hard magnetic materials, the switching process is governed by either the nucleation
or pinning of domain walls.®” In bulk magnets, these two mechanisms are normally distin-
guished by their initial magnetization curves. The domain walls move freely in a nucleation-
type magnet, which has a high initial susceptibility, while they are constantly being trapped
in a pinning-type magnet, so the initial susceptibility is small until the depinning field is
reached. To determine the limiting mechanism in ultrathin VI3, we applied pulses (~ 10 s
duration) of magnetic field in the —z direction to samples initially magnetized in the +z
direction, before returning to a low field (BR# = 5 mT) such that imaging was in the opti-
mum magnetic field range for ODMR. Series of images after pulses of increasing amplitude
up to —1 T are shown in Figure 3a and 3b for samples #1 and #4, respectively (see ad-
ditional data in Figure S12). The magnetization is observed to reverse abruptly, that is,
regions of contiguous material switch sign completely at once rather than creating partially
reversed domains. This is the signature of a nucleation-type magnet. The switching field,

which corresponds to the coercive field H. in this case, lies in the range 0.5 — 1 T for most
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FIG. 3. Imaging domain reversal in few-layer VI3 flakes. (a) M, maps of sample #1
for increasing magnetic field pulse amplitude from —0.7 T to —1.0 T (from left to right) applied
along the —z direction (pulse duration ~ 10 s excluding rise/fall times), starting with the flakes
magnetized in the +2z direction. In the last image of the series, a +1.0 T pulse was applied to reverse
the magnetization back to its original sign. (b) M, maps of sample #4 after pulse amplitudes from
—0.4 T to —1.0 T. In the last image of the series, a —1.0 T pulse was applied while heating
the sample to T' = 40 K to facilitate magnetization reversal. All images in (a,b) were acquired
under a small bias field Bf\}i{’}s = 5 mT. (¢) H — T phase diagram of the magnetic state of two
flakes in sample #3 constructed from image series similar to those in (a,b) at various temperatures
(see Figure S11). The data points indicate the coercive field H. for each flake. The error bars
correspond to the step size in the field amplitude. The large error bar on the lowest temperature
points denotes the fact only a lower bound for H,. is determined in this case. The dashed line is
the Stoner-Wohlfarth model for the coercive field®Y) using the temperature-dependent anisotropy
constant measured for bulk VI3 in Reference [31]. The purple (orange) shaded region corresponds
to the two flakes magnetized in the +z (—z) direction, while in the grey region only the largest

flake has switched. (d) Example M, maps corresponding to each magnetic state, recorded at 5 K.

flakes, with no apparent correlation with flake thickness. The bilayer flake in sample #4,
for instance, lies in the middle of this range, with a coercive field of 0.7 — 0.8 T. Some flakes
have an even larger coercive field, as evidenced by the purple domains remaining in sam-
ple #4 after applying —1.0 T (which is the maximum field amplitude we can apply in our
setup), or by the orange domains in sample #1 after applying +1.0 T. The variation in H,
between different flakes is attributed to shape irregularities or defects that can locally lower

the nucleation field compared to the maximum value (which is related to the anisotropy
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#1 as a function of the magnetic field pulse amplitude starting from the virgin state (zero-field
cooling, ZFC). (a) is a magnified version of (b) highlighting the region containing flakes from 4 to
8 layer thick. (c) Histograms of the number of domain wall jumps versus magnetic field for flakes
of different thickness, constructed from (a) for the thin flakes (4L, 5L, 8L) and from (b) for thick
flakes (10-20 nm thickness, dashed box).

constant, as discussed below).

By heating the sample to 40 K during the application of the pulse, we were able to switch
all of the flakes as shown in Figure 3b (last image of the series), suggesting that the coercive
field decreases with increasing temperature. Repeating the magnetic field sweep at different
temperatures (see full image series in Figure S11) allows us to form a phase diagram from
which the H, — T relation can be identified. This is shown in Figure 3c for two flakes in
sample #3, with example M, maps in the different states shown in Figure 3d. For both flakes,
H. decreases monotonically from 1 T to zero when T is increased from 5 K to 50 K. The
values are in broad agreement with the Stoner-Wohlfarth model®” (dashed line in Figure 3c)
in which the coercive field is only limited by the strength of the perpendicular anisotropy
(see details in Supporting Information, section IX). We note that the effective anisotropy
constant used in this model includes the demagnetising contribution accounting for shape
anisotropy. These results indicate that the coercivity of ultrathin VI3 is mostly governed by
anisotropy-limited domain wall nucleation processes, and hence that magnetization reversal

occurs in a near-coherent regime.

To confirm this picture, we directly image the initial magnetization starting from the
virgin state, as shown in Figure 4a and 4b for sample #1 (see additional data in Figure
S13). The multi-domain structure visible after zero-field cooling progressively disappears

when magnetic field pulses of increasing amplitude are applied. Histograms of the domain
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wall depinning field constructed from these images (Figure 4c) indicate depinning fields in
the range 0.1 — 0.4 T (at 5 K), with a decreasing trend with increasing thickness. We note
that Reference [29] reported magneto-optical images of a bulk VI3 crystal during initial
magnetization, showing depinning fields of tens of mT, which is even less than for the thick
flakes imaged in Figure 4. These values together with the thickness dependence are consistent
with cracks extending through a single (or a few) atomic layer (see Supporting Information,
section X). Remarkably, however, these defects do not affect the switching process since the
corresponding depinning fields are much smaller than H., set by the nucleation field.

In summary, we employed widefield NV microscopy to directly reveal the mechanism
governing magnetic switching in ultrathin VI3, a van der Waals magnetic semiconductor.
Our images of domain reversal indicate that ultrathin VI3, down to two atomic layers, is a
nucleation-type hard ferromagnet. This is confirmed by images of the initial magnetization
revealing domain wall depinning fields far below the switching field. These experiments
establish widefield NV microscopy as a powerful tool for magnetic imaging that can be
applied to virtually any van der Waals material or heterostructure. By allowing rapid,
quantitative imaging of many samples in parallel, it may facilitate the discovery of novel 2D
magnetic materials[*?? and the investigation of magnetic processes including skyrmionics,

current-driven domain wall motion and other spintronic phenomena. 3338
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