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Van der Waals (vdW) magnetic materials such as CroGezsTeg (CGT) show promise for novel
memory and logic applications. This is due to their broadly tunable magnetic properties and the
presence of topological magnetic features such as skyrmionic bubbles. A systematic study of thick-
ness and oxidation effects on magnetic domain structures is important for designing devices and
vdW heterostructures for practical applications. Here, we investigate thickness effects on magnetic
properties, magnetic domains, and bubbles in oxidation-controlled CGT crystals. We find that CGT
exposed to ambient conditions for 5 days forms an oxide layer approximately 5 nm thick. This
oxidation leads to a significant increase in the oxidation state of the Cr ions, indicating a change
in local magnetic properties. This is supported by real space magnetic texture imaging through
Lorentz transmission electron microscopy. By comparing the thickness dependent saturation field of
oxidized and pristine crystals, we find that oxidation leads to a non-magnetic surface layer which is
thicker than the oxide layer alone. We also find that the stripe domain width and skyrmionic bubble
size are strongly affected by the crystal thickness in pristine crystals. These findings underscore
the impact of thickness and surface oxidation on the properties of CGT such as saturation field
and domain/skyrmionic bubble size and suggest a pathway for manipulating magnetic properties

through a controlled oxidation process.

INTRODUCTION

The discovery of long-range ferromagnetic ordering in
van der Waals (vdW) materials has opened new avenues
for investigating fundamental magnetism and applica-
tions within novel memory, computing, and quantum
computing [1-5]. The tunability of vdW magnetic ma-
terials by thickness, i.e. number of atomic layers, as well
as by electric fields, doping, and strain, and the pres-
ence of topological spin textures such as domain walls
and skyrmions, make these materials promising for such
applications [1-3|. However, an understanding of the evo-
lution of spin textures as a function of flake thickness is
highly desired.

CraGegTeg (CGT) is one such material, a vdW Heisen-
berg semiconducting ferromagnet with a bulk Curie tem-
perature of about 61 K and strong perpendicular mag-
netic anisotropy [6-10]. The properties of CGT can
be modified via doping [11], electric field [10, 12, 13],
strain [9], and pressure [14, 15]. The latter two re-
sult from its strong magneto-elastic coupling [16]. Be-

cause CGT is centrosymmetric it lacks a Dzyaloshinskii-
Moriya interaction (DMI) to stabilize Bloch or Néel-type
skyrmions observed in noncentrosymmetric chiral mag-
nets, such as B20 metals [5, 17]. Instead, it hosts topo-
logical skyrmionic Bloch-type bubbles that are stabilized
through a competition between the dipolar energy and
magnetocrystalline anisotropy [18, 19], making it a po-
tential candidate for novel quantum computing methods
[20].

The tunability of CGT and other vdW magnets stems
from their large surface to volume ratio making the inter-
faces property-determining [3]. Proximitized spin-orbit
coupling [21] and twisted homo- or hetero-bilayers [22, 23]
are two interface effects that can tune magnetic proper-
ties of vdW magnets. A different approach may be to
consider chemical effects, such as oxidation, where con-
trolled oxidation can be used to create a chemically well-
defined and non-reactive interface. CGT flakes are known
to degrade in ambient air on the time scale of one hour
[6, 16]. Consequently, to leverage this promising material
in future applications, it is crucial to understand the ef-
fects of oxidation on its crystal and magnetic structure
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FIG. 1. Structure of CGT (a) Atomic model of CGT. (b, c) HAADF-STEM images of the CGT crystal in top view (b) and
cross-sectional view (¢). An atomic model of CGT is overlaid on both images. The grey-scale intensity of the image averaged

horizontally is plotted on top of (c).

and assess possibilities for magnetic property control.
Here, we prepare both pristine CGT and oxidized CGT
(O-CGT) samples and determine how crystal thickness
and oxidation affect magnetic properties and magnetic
domain structures. Exposure to ambient conditions leads
to the formation of a ~5 nm thick oxide layer. By direct
imaging of magnetic domains through Lorentz transmis-
sion electron microscopy (LTEM), we find a consistently
lower saturation field for O-CGT compared to CGT.
These measurements suggest that the effective magnetic
thickness of O-CGT crystals decreases compared to CGT
crystals and that the non-magnetic layer is thicker than
the oxide layer alone. Compositional analysis using elec-
tron energy loss spectroscopy (EELS) and energy dis-
persive x-ray (EDX) analysis shows that the oxide has
a lower Te content compared to bulk CGT, and that
the oxidation state of Cr increases from 34 in the bulk
to a value between 37—5% in the oxide. Finally, having
shown that oxidation leads to a decrease in the effective
magnetic thickness, we consider how magnetic textures,
which are useful for future applications, are affected by
crystal thickness. We show that skyrmionic bubble sizes
and stripe domain widths are tuned by crystal thickness.
Our results thus show that deliberate chemical modifi-
cations of the crystal surface may be another avenue to-
wards tuning magnetic properties of vdW magnets.

RESULTS AND DISCUSSION

Thickness dependent saturation field of CGT and
O-CGT

Crystal growth and sample fabrication are described
in Methods. CGT crystallizes in the trigonal R3 space
group (Fig. 1(a)) and the nominal oxidation states in
bulk CGT are Cr3t, Ge3*, and Te?~. Important for sub-
sequent LTEM imaging, we confirm that the resulting
samples are single crystalline and free from observable
defects and interlayer dislocations, and do not degrade

significantly during TEM observation as determined from
high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images along the c-
and a-axes (Fig. 1(b, c)), as well as TEM diffraction
patterns (Fig. S1). Figure 1(c) shows the vdW layered
structure with ABC stacking, consistent with previous
studies [8, 18, 19]. Overlaid is an atomic model of CGT
and the grey-scale intensity profile of the image averaged
horizontally, from which we measure a layer thickness of
0.68 nm. Since the intensity in HAADF-STEM images is
proportional to Z1'7 [25], Z being the atomic mass, Te
atoms appear the brightest.

In order to control the chemical state of the surface we
use one of three approaches: (1) For O-CGT we prepare
samples in ambient conditions. (2) For CGT we either
(a) prepare samples in an argon-filled glovebox to avoid
oxygen and moisture exposure [16, 26|, or (b) exfoliate
CGT in ambient conditions but swiftly — within min-
utes — encapsulate between few-layer graphene. Details
are provided in Methods. Figure S2 shows an illustration
of sample details and optical contrast measurements and
Fig. S3 shows atomic force microscopy (AFM) measure-
ments performed to measure crystal thicknesses. Briefly,
bulk CGT is exfoliated, and suitable flakes are identified
based on their optical contrast by first calibrating with
measurements from AFM. As shown in Fig. S2, the op-
tical contrast can be used to estimate crystal thickness
in the range 8-30 nm, while crystals with a thickness of
5-8 nm require AFM measurements because the contrast
does not vary with thickness in this range. Pristine CGT
samples prepared in the glovebox are stored within an
air-sealed plastic bag, and therefore only exposed to air
for some minutes before being loaded into the TEM. To
form an oxide, we exfoliate and transfer flakes to TEM
grids, and expose the samples to ambient conditions.

We first determine the saturation magnetic field in
CGT and O-CGT for varying crystal thicknesses by imag-
ing the magnetic domain structure at varying applied
magnetic fields. Imaging is done using defocused LTEM
with a liquid helium cooled holder with a base tempera-
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FIG. 2. Magnetic structure and saturation field. (a)
Schematics of contrast formation in defocused LTEM imag-
ing. Contrast is only formed by in-plane magnetization which
leads to a phase shift in the electron beam, and either a dark-
bright or bright-dark domain wall in the image plane, depend-
ing on the direction of the magnetization. (b-e) LTEM im-
ages after RFC at different magnetic fields for 110 nm thick
CGT (measured by AFM). The saturation field is reached
at 164 mT when there is no more magnetic contrast in the
image. The stationary, and, therefore, non-magnetic, arch-
shaped contrast in the images are bend contours. Overlays
in (b) indicate the dark-bright or bright-dark contrast of the
domain wall and the magnetization direction of the Bloch-
type wall. (f) Plot of the saturation field as a function of
thickness and comparison with literature for oxidized and un-
oxidized CGT. Red crosses are data extracted from Ref. [18]
(O-CGT), and black (O-CGT) and green (CGT) crosses are
extracted from Ref. [24]. The pink arrows highlight the thick-
ness difference between CGT and O-CGT crystals with sim-
ilar saturation fields and have a width of 25 nm and 35 nm
for lower and higher saturation fields, respectively.

ture of 15 K [18]. In the LTEM mode the magnetic field
at the sample can be controlled by exciting the objective
lens. The magnetic field is oriented along the z-direction,
along the electron beam direction, and the minimum
achievable field in our TEM is 12 mT. Therefore, we refer
to a cooling process from above the Curie temperature
down to the base temperature of the sample holder at
this magnetic field as “residual field cooling (RFC)” to
distinguish it from a true zero-field cooling process.

Contrast formation in small defocus (< 1 mm) LTEM
imaging is outlined in Fig. 2(a). In mechanically exfoli-
ated CGT, magnetic domains magnetized parallel to the
crystal c-axis separated by Bloch-type domain walls have
been confirmed by previous studies [18, 19]. The out-
of-plane easy axis of CGT has likewise been confirmed
by several groups [6-8]. The in-plane magnetization of a
Bloch-type domain wall leads to dark-bright or bright-
dark lines, depending on the direction of the in-plane
magnetization. Hence, by considering the contrast of the
magnetic features we can determine the direction of the
domain walls.

Our experimental procedure to determine the satura-
tion field is shown in Fig. 2(b-e). After RFC, stripe do-
mains have formed, with bright-dark pairs of lines in-
dicating the domain walls (Fig. 2(b)). The domains are
magnetized along the crystal c-axis, parallel to the mi-
croscope z-direction, as indicated in the image. Also in-
dicated are the direction of magnetization of the domain
walls as determined by the domain wall contrast. At
the residual field, the domains have approximately equal
widths. Note that these images also show more slowly
varying contrast such as the arch-shaped contrast. This
arises from bending of the sample and is common in mag-
netic imaging of vdW magnets [18, 19]. This contrast
is stationary when we increase the magnetic field, and
therefore, of non-magnetic nature.

As the magnetic field is increased (Fig. 2(c, d)), the
magnetic domains aligned with the applied magnetic field
grow in width while the magnetic domains aligned in
the direction opposite to the magnetic field decrease in
width. Finally, we reach the saturation field when we no
longer can discern any magnetic contrast in the image
(Fig. 2(e)).

Figure 2(f) shows the saturation field plotted against
crystal thickness for CGT and O-CGT. We find that the
saturation field decreases with decreasing crystal thick-
ness, and that CGT displays larger saturation fields com-
pared to O-CGT at the same crystal thickness. This is
consistent with prior studies of saturation field in CGT
from which we were able to infer whether the CGT was
oxidized or not [18, 24|, also plotted in Fig. 2(f). We do
not observe any qualitative difference in the morphology
or appearance of the stripe domains between CGT and O-
CGT other than the difference in the saturation field. By
comparing data with similar saturation fields (see pink
arrows in Fig. 2(f)), we infer that the effective magnetic
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FIG. 3. EELS and EDX analysis. (a) Cross sectional HAADF-STEM image of the surface of a CGT crystal that has been
exposed to air for ~30 days. The HAADF intensity is plotted on top and is averaged across the entire width of the image.
(b) EDX signal of Cr, Ge, Te, and O as a function of distance across the oxide/CGT interface, The EDX signal has been
integrated horizontally for the width of the EDX maps shown in Fig. S7 and smoothed using the Savitzky-Golay method with
a 10-point window. The decrease in the Cr and Ge signal in the mixed oxide/CGT region may be due to variations in sample
thickness, i.e., along the crystal b-axis. The lower signal at the mixed oxide/CGT region is seen in the EDX maps (Fig. S7)
and the EELS high-loss intensity (Fig. S8(a)) both indicating a thinner sample in this region. (c¢) EELS heatmap along the
white line indicated in (c). Dotted white lines indicate the positions of the O K, Cr Ly/Ls and Te M peaks. The EELS signal
has been integrated horizontally for the EELS maps shown in Fig. S8. (d, e€) The position of the Cr-Ls peak and the Lz /Lo
peak intensity ratio, respectively, through the oxide layer. The dotted horizontal red lines in (a-e) are at the same position in
the crystal c-axis, at the interfaces between the oxide and mixed oxide/CGT region, and between the mixed oxide/CGT region

and the bulk CGT.

thickness of O-CGT flakes is reduced. We estimate that
O-CGT samples with a thickness around 50 nm have a
combined non-magnetic layer of at least 25 nm, while O-
CGT samples with a thickness of about 150 nm have a
slightly thicker non-magnetic layer (at least 35 nm). We
note that even though magnetic contrast decreases with
thickness, it can still be discerned in O-CGT flakes down
to 18 nm in thickness. We can, therefore, estimate a lower
bound of ~18 nm for the non-magnetic layer. Figure S4
shows the magnetic structure of a 24 nm thick sample at
varying magnetic fields.

Oxide structure and composition

To further understand the effect of oxidation on the
surface structure and composition of CGT crystals we
combine information from several measurements. We first

quantify the crystallinity using HAADF-STEM cross-
sectional imaging. Figure 3(a) shows the surface of a
100 nm thick CGT crystal viewed along the crystal b-
axis. This flake was exfoliated onto a SiO5/Si substrate
and exposed to ambient conditions for ~30 days before
preparing the cross-sectional sample. At the top surface,
we identify an amorphous oxide layer with a thickness of
about 5 nm. The interface between the oxide and bulk
CGT is not atomically sharp. On top of Fig. 3(a) we
plot the image intensity averaged horizontally. From the
intensity profile, we estimate a transition region that is
2-3 nm thick in which some crystallinity coexists with
the amorphous oxide. The lower part of the image shows
bulk CGT.

Images of the bottom surface of the same sample
(Fig. S5) show an oxide thickness of 2-2.5 nm. This oxide
is thinner because it experiences less oxygen exposure:
it is exposed to atmosphere only for the few seconds it
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FIG. 4. Domain width analysis. (a) Plan-view STEM-
EELS survey image of a CGT crystal with three different
thicknesses. These sample thicknesses were determined using
the low-loss EELS spectra with a mean free path for inelastic
scattering of 76.4 nm — calibrated by AFM measurements. (b)
EELS spectra from the sample shown in (a) and a spectrum
from a sample prepared in the glovebox showing the absence
of the O K peak. The expected position of the O K peak is
indicated by an arrow. The un-oxidized spectrum has been
offset vertically for clarity. The black, red, and blue data are
obtained from the areas denoted by crosses of the same colors
in (a). The spectra have been deconvoluted with the low-loss
EEL spectra.

takes to cleave the crystal using scotch tape and place it
on the SiO4/Si substrate, although it is also exposed to
oxygen that is trapped at the interface between CGT and
SiOq after exfoliation. The two oxide thickness measure-
ments indicate that oxidation of CGT initially proceeds
quickly but then more slowly on further air exposure as
it serves as a self-passivation layer. Furthermore, we have
measured the oxide thickness of a CGT crystal that ox-
idized for 5 days (see Fig. S6). This crystal had regions
of different thicknesses of 35, 50, and 65 nm. Regardless
of crystal thickness we measure a surface oxide thickness
of about 5 nm. Thus, it can be concluded that the ox-
ide thickness is self-limited, reaching its final thickness
in less than 5 days, and independent of the CGT crystal
thickness in the range 35-100 nm.

We next investigate the elemental composition of the
oxide and interface structure with EDX analysis. Fig-
ure 3(b) shows the EDX signal across the interface, ac-
quired from a region similar to that shown in Fig. 3(a).
Real space intensity maps of the Cr, Ge, Te, and O con-
tent obtained by EDX and EELS are given in Figs. S7 and
S8, respectively. In the oxide, the Cr, Ge, and O intensi-
ties track each other, suggesting that oxidation preserves
the Cr/Ge composition and that the composition of Cr,
Ge, and O is uniform. Furthermore, we find a decreased
Te composition in the oxide compared to the bulk CGT.

We then use electron energy loss spectroscopy (EELS)
to investigate the Cr oxidation states across the interface.
Figure 3(c) shows an EEL spectral map of the CGT sur-
face shown in Fig. 3(a). We indicate the O K edge, the Cr
Ly and L3 edge, and the Te M edge with dotted lines. The
red horizontal dotted lines are in the same position as in

Fig. 3(a,b) and indicate the transition between the ox-
ide, mixed oxide/CGT, and bulk CGT. Consistent with
our EDX data, we only detect an O signal at the sur-
face of the CGT, spanning a region about 5 nm thick.
We observe a 1.6-1.7 eV decrease of the Cr Ly and Lg
peak positions. The L3 peak position is plotted against
c-position in Fig. 3(d) while the L3 /Ly peak intensity ra-
tio, also known as the white line intensity ratio, is plotted
in Fig. 3(e). The background subtraction method for the
L3/Lo ratio determination is based on a two-step func-
tion, as outlined in Fig. S9 [27].

We find a Cr-L3/Ls ratio of about 2.0 in bulk CGT
with nominal oxidation state of 3*. This is slightly larger
than typical values in literature [27]. However, we note
that quantitative comparison with published data is chal-
lenging due a large sensitivity to the method of back-
ground subtraction [28]. In our case, the presence of a
Te edge at ~620 eV affects the background after the Cr-
Ly edge. Focusing on relative shift in peak position and
changes in L3 /Ly ratio, we note that these take place in
the region identified in Fig. 3(a) as a mixed oxide/CGT
layer. Such a shift in peak position, decrease in Lg/Lo
ratio, and the presence of oxygen indicates an increase in
oxidation state of the Cr [27]. The maximum possible ox-
idation state of Cr is 67. However, based on the relative
changes of these two parameters compared to literature
values, we determine an upper bound of 57 for the Cr
oxidation state [27].

Figure 4(a) shows an annular dark-field STEM im-
age in plan-view, i.e., along the surface normal of the
crystal, from an O-CGT sample with varying thickness.
EEL spectra acquired from the regions indicated by the
black (16 nm thick CGT), red (22 nm), and blue (33 nm)
crosses are shown in Fig. 4(b). These spectra have been
normalized by the oxygen K edge intensity. Since the
EELS signal is proportional to the thickness of the sam-
ple for thin samples, these spectra suggest a constant
oxide thickness independent of CGT thickness. This is
supported by the additional measurements of oxide thick-
ness from cross-sectional samples of varying thickness
(Fig. S6). Using the spectra in Fig. 4(a) we have quan-
tified the relative compositions of O, Cr, and Te (see
Fig. S10 for fitting and results). As expected for a con-
stant oxide thickness, the relative O content decreases
with increasing crystal thickness. Furthermore, the rela-
tive Te content increases with increasing crystal thick-
ness consistent with a Te deficiency within the oxide
(Fig. S10), consistent with our EDX measurements in
Fig. 3(b). We note that sample thicknesses in Fig. 4 are
all smaller than the mean free path for inelastic scat-
tering and thus plural scattering effects on the composi-
tion measurement are likely not significant. Also shown
in Fig. 4(b) is an EEL spectrum from a CGT sample
prepared in a glovebox. This spectrum does not display
an oxygen edge. Hence, our sample preparation protocol
can achieve CGT samples with close to pristine surfaces
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FIG. 5. Control of skyrmionic bubble size. (a-d) LTEM images of skyrmionic bubbles in 150 nm thick CGT with varying
magnetic field field from 52 mT to 196 mT. The image shown in (d) is the last one obtained before the saturation field of
204 mT. (a, e, f) LTEM images at a constant magnetic field of 52 mT with increasing CGT thickness as indicated on the
images. (g) Bubble diameter plotted against magnetic field for three samples. The dashed black line is a fit to A/(uoH + B)
where A and B are constants. (h) Bubble diameter plotted against CGT thickness. In (g) and (h), the error bars are the
standard deviations of the measurements of skyrmion diameter. All scale bars are 200 nm. The thickness of all CGT crystals

has been measured by AFM.

due to the minimized air exposure. Samples prepared by
exfoliating in ambient conditions but then rapidly encap-
sulating in graphene likewise do not display an oxygen
peak (Fig. S11).

Overall, our results in Fig. 3-4 indicate that the non-
magnetic surface layer is thicker than the amorphous ox-
ide layer. We infer this because Fig. 2(f) suggests a non-
magnetic surface layer that is at least 25 nm thick (top
and bottom surfaces combined), while the high-resolution
cross-sectional imaging in Fig. 3(a) and Fig. S6 shows
that the oxide thickness is about 5 nm. This suggests
that both the oxide and the mixed oxide/CGT region
are non-magnetic. This may be due to the change in ox-
idation state of the Cr which also changes the atomic
spin moment and possibly the local magnetic interaction

in the mixed oxide/CGT region and the oxide. Cr in bulk
CGT has an oxidation state of 37 and an [Ar]3d? elec-
tronic structure with spin S=3/2, while a 4% or 51 oxi-
dation state would correspond to an electronic structure
of [Ar]3d? with S=1 or [Ar|3d! electronic structure with
S=1/2, respectively.

Regarding our compositional findings as determined by
EDX (Fig. 3(b)), the loss of Te in the oxide layer may
contribute to the loss of magnetism observed in the oxide.
This is because the superexchange interaction responsible
for ferromagnetism in CGT is mediated between nearest
neighbor Cr ions through the Te anions. The loss of Te in
the oxide, furthermore, is similar to other vdW transition
metal chalcogenide (TMD) compounds where the chalco-
gen is seen to be removed in the oxidation process, such



as WSey which forms WOj3 [29] and MoSs which forms
MoO3 [30]. In such materials, oxide layer thickness and
composition can be controlled using a thermal process or
an oxygen plasma [31], suggesting that for CGT it may
also be possible to control the oxidation process.

Thickness-dependent topological magnetic textures

Having shown how oxidation changes the effective mag-
netic thickness of CGT crystals we next consider how
magnetic textures change with thickness. Domain walls
[4] and skyrmions [5] hold potential for applications in
emerging spintronic memory and logic devices.

In Fig. 5 we explore the control of skyrmionic bubble
size through CGT crystal thickness and magnetic field.
LTEM images of CGT obtained after field cooling at a
magnetic field of 52 mT results in skyrmionic bubble lat-
tices, as previously reported for CGT [18, 19]. Increasing
the magnetic field decreases the bubble size until the sat-
uration field is reached. Figure 5(a-d) show images from a
sample with a thickness of 150 nm. At 52 mT (Fig. 5(a))
the average bubble diameter is 104 nm: it decreases to 62
nm at a magnetic field of 196 mT (Fig. 5(d)), which is the
last image obtained before the saturation field is reached.
Figure 5(g) plots the bubble diameter against the ap-
plied magnetic field for three different samples. The size
is inversely proportional to the applied magnetic field, as
shown by the dashed black line in Fig. 5(g). This is as
expected for skyrmions [32-34].

Materials where magnetic bubbles are stabilized by
a competition between magnetic dipolar interactions
and magnetocrystalline anisotropy display thickness-
dependent bubble sizes [18, 35, 36]. Conversely, Bloch-
type skyrmions that are stabilized by a DMI have been
reported to have a size that is independent of the sam-
ple thickness [37, 38]. Figure 5(a, e, f) shows bubble lat-
tices in several CGT crystals with different thicknesses,
while Fig. 5(h) shows the bubble diameter plotted against
CGT thickness, measured at a magnetic field of 52 mT.
We find that the bubble diameter increases with CGT
thickness (for example, diameter 90 nm at CGT thick-
ness 82 nm; diameter 183 nm at CGT thickness 395 nm).
This confirms that magnetic bubbles in CGT are stabi-
lized by a competition between magnetic dipolar interac-
tions and magnetocrystalline anisotropy, as expected in
such a centro-symmetric material that lacks a DMI.

Next, considering domain energetics, Fig. 6(a, b) show
LTEM images obtained at 15 K after RFC for CGT crys-
tals that are 15 nm and 150 nm thick, respectively. The
15 nm thick crystal gives less magnetic signal and we
therefore use a larger defocus value to obtain measurable
magnetic contrast. We used a lens in the image corrector
system to control the defocus of LTEM imaging which
is located far away from the sample and should there-
fore not affect the magnetic field at the sample plane.

Figure 6(c) shows measurements of the domain width
plotted against CGT thickness. We also plot data for
Fe3GeTey (FGT) extracted from Ref. [39]. As seen in
this plot, FGT shows a similar behavior to CGT but
displays larger domain width compared to CGT for the
same crystal thickness. The two materials are composi-
tionally analogous and both have been shown to oxidize
in ambient conditions leading to a non-magnetic surface
layer [40, 41]. This suggests that the findings here may
be more widely applicable to other vdW magnets.

Kittel developed a model for the energetics of stripe do-
mains in thick films of ferromagnetic material with out-
of-plane magnetic anisotropy [42]. Kooy and Enz later
extended this model to include thin membranes [43]. The
domain width depends on a competition between the do-
main wall energy, anisotropy energy, and the demagnetiz-
ing energy (stray field energy). For very thin membranes,
the domain width increases exponentially with decreas-
ing membrane thickness. As the thickness is increased, a
minimum domain width, L., is reached at a thickness
of 40 /o M2, where pg is the vacuum permeability, oy,
is the specific domain wall energy, and Mj is the satura-
tion magnetization (Sec. 3.7.3 in Ref. [44]). For CGT and
FGT, Ly, is reached at thickness of tp = 60-120 nm and
tp=80-160 nm, respectively. By using M, cgt = 1.37-10°
A/m and M; pgr = 3.76-10° A/m from Ref. [45], we can
estimate the domain wall energy in CGT and FGT to
be in the range (4-7)-10~* J/m? and (36-71)-10~* J/m?,
respectively. This implies that the domain wall energy is
around one order of magnitude smaller in CGT compared
to FGT. The latter value fits well with another estimate
of 47-10~* J/m? for the domain wall energy of FGT [46].
We note that Refs. [16, 19] found sizable magnetostrictive
effects in CGT, and therefore a magnetostrictive term
should possibly be included in the Kooy-Enz model for
completeness.

Based on the Kooy-Enz model, we would expect CGT
to display behavior similar to FGT for thin layers with
thickness < tp, where the domain width increases until
a critical thickness is reached and finally the sample be-
comes magnetized in a single domain. Measurements of
ultra-thin (6 layers thick) crystals with lateral dimensions
~10 pm have previously been shown to have a single mag-
netic domain [6]. Additionally, theoretical studies have
predicted that CGT hosts a thickness-dependent mag-
netic anisotropy which decreases for thin crystals [47, 48].
Thus, one would expect the domain wall width, Wy, to
increase for thin crystals, since Wy ~ \/A/K, where A is
the exchange constant and K is the anisotropy constant
[44]. We measure the domain wall width for three rela-
tively thick crystals, with thickness from 110 to 390 nm,
to be in the range 6-14 nm (Fig. S12), without any clear
thickness dependence. This indicates that the uniaxial
anisotropy remains robust for this range of thicknesses.
For thin oxidized crystals (thickness = 24 nm) we do
not observe a stripe domain structure that is as well-
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FIG. 6. Domain width analysis. (a, b) LTEM images of magnetic domain structure in (a) 15 nm thick and (b) 150 nm
thick un-oxidized CGT (thickness measured by AFM). The SiN membrane is visible in the corners of (a). The indicated domain
widths represent the average domain width measured in the image. (¢) Domain width as a function of CGT thickness. Red
crosses are extracted from Ref. [39] for Fe3GeTez. Data was obtained at the smallest possible magnetic field of 11 mT.

defined as those shown in Fig. 6 (Fig. S4), which suggests
a weaker magnetic anisotropy. Hence, it is important to
take oxidation into account when predicting the proper-
ties of a CGT crystal. Finally, future studies should de-
termine whether a minimum thickness exists for the pres-
ence of domain walls and skyrmionic bubbles in CGT.

CONCLUSIONS

Our results show how oxidation yields a non-reactive
and chemically well-defined surface, serving as an addi-
tional control knob for magnetic properties in CGT. This
may be applicable to vdW magnets more generally, where
control of the oxide growth may be achievable through
thermal or plasma oxidation — as shown for TMDs [31]
and with layer-by-layer control [49].

We found that exposure to ambient conditions for
5 days results in a non-magnetic, self-limited surface ox-
ide layer that is about 5 nm thick. Measurements of sat-
uration field as a function of crystal thickness for CGT
and O-CGT crystals suggest that oxidation reduces the
effective magnetic thickness. The thinnest oxidized crys-
tal in which we observed magnetic textures was 18 nm
thick, giving an estimate of the minimum non-magnetic
surface layer. From EELS analysis we determined an up-
per bound of 5T for the Cr oxidation state in the oxide
which increased from 37 in the bulk, indicating a change
to the local magnetic properties.

We further observed a strong thickness dependence on
the size of skyrmions which suggests that chemical sur-
face control can in principle tune skyrmion sizes. Ad-
ditionally, oxidation could be used for patterning, as
recently demonstrated for TMDs [50]. With increasing
knowledge of the electrical and magnetic properties of the
surface oxide layer, and further evaluation of the degree

to which its growth can be controlled in a manner anal-
ogous to the growth of oxides such as MoOs and WOs,
we speculate that surface chemical control may become
a useful tool for developing electrical or magnetic appli-
cations of 2D magnets.

METHODS

CGT crystal growth

Bulk CGT used for the black data points in Fig. 2(f)
and Fig. 6(c) was grown by the self-flux technique start-
ing from a mixture of pure elements: Cr (99.95%, Alfa
Aesar) powder, Ge (99.999%, AlfaAesar) pieces, and Te
(99.9999%, Alfa Aesar) pieces. A molar ratio of 1:2:6 for
Cr:Ge:Te was used. The starting materials were sealed in
an evacuated quartz tube, which was heated to 1100°C
over 20 hours, held at 1100 °C for 3 hours, and then slowly
cooled to 700°C at a rate of 1°C/hour.

Bulk CGT used for the remaining data was prepared
by direct reaction from elements with an excess of Te.
The high purity Te (99.9999%), Ge (99.9999%) and Cr
(99.99%) were mixed in a quartz ampoule with a sto-
chiometric ratio of 2:2:10. The 50 g of reaction mix-
ture was sealed under high vacuum in a quartz am-
poule (25x150 mm, 3 mm wall thickness) and heated
in a muffle furnace for 6 hours at 1000 °C with heating
rate of 2°C/min. The reaction mixture was horizontally
placed in furnace and mechanically shaken several times
at 1000 °C. The ampoule was cooled to 450°C at a rate
of 6 °C/hour and then left to cool freely to room temper-
ature. The ampoule was opened inside an argon glovebox
and CGT crystals with size exceeding 5x5 mm were me-
chanically separated from the middle of the molten ingot.



Sample fabrication

CGT crystals were obtained by exfoliating bulk CGT
using scotch tape onto substrates of 90 nm thick SiO,
on Si using 3M Magic Scotch tape. Oxidized crystals
were exfoliated in ambient conditions while un-oxidized
crystals were exfoliated in a glovebox. Some un-oxidized
samples were prepared by exfolating the CGT in ambient
conditions and immediately (within ~10 minutes) assem-
bling the CGT into a van der Waals (vdW) heterostruc-
ture with graphene encapsulation. EEL spectra of the
vdW heterostructures do not display an O peak indicat-
ing the absence of any measurable oxidation (Fig. S11).
This is in line with previous reports of oxidation taking
place on the timescale of an hour [6].

Crystals and vdW heterostructures were then trans-
ferred to location-tagged TEM grids purchased from Nor-
cada, Inc., Canada. The transfer was performed using
wedging transfer in which a film of cellulose acetate bu-
tyrate is used as polymer handle [51, 52]. After the trans-
fer we bake the TEM sample carriers to 80 °C to improve
adhesion. Finally, we dissolve the in acetone and rinse the
TEM sample carriers in isopropanol.

Cross-sectional samples were prepared by focused ion
beam milling using a Helios Nanolab 600 DualBeam in-
strument (FEI). A protective layer of Pt was first de-
posited with the electron beam (at least 2 pm thick)
before the cut and the lift-out. The lamella was then
attached to a half-grid and thinned down to obtain a
thickness of 100 nm. The last step of the thinning pro-
cess was performed with the ion beam operating at 5 V
with a current of 0.15 pA to avoid damage. Both cross-
sectional samples (one used for Fig. 3, S7, and S8 and
one used for Fig. S6) were stored in a vacuum desiccator
and imaged in the STEM less than 24 hours after their
preparation.

Electron microscopy

A JEOL ARM 200CF instrument equipped with
cold field emission gun and double-spherical aberration-
correctors at Brookhaven National Laboratory was used
for LTEM and the EELS data shown in Fig. 3(g). A
double-tilt liquid helium cooling holder (HCTDT 3010,
Gatan, Inc.) was used for low-temperature experiments.
The magnetic field at the sample plane in the LTEM
mode as a function of objective lens strength has been
calibrated using a modified TEM holder with a Hall-
probe [53].

HAADF-STEM imaging and EELS data (for Fig. 3(a,
c-e) was acquired on a probe-corrected Thermo Fisher
Scientific Themis Z G3 60-200 kV S/TEM operated at
200 kV. EELS data was acquired with a Continuum EEL
spectrometer and a dispersion of 0.3 eV /channel, a dwell
time of 0.02 s, beam current of 50 pA, and a zero loss

peak full-width half maximum of 1.9 eV. The data was
denoised using principal component analysis through the
implementation in Hyperspy [54]. The EELS maps shown
in Fig. S8 from which the data in Fig. 3(c-e) is derived,
are 36x144 pixels large, with a pixel size of 0.37 nm.
Thus, in Fig. 4(c), the resolution on the c-axis is also
0.37 nm/pixel. The cross-sectional samples were stored
in a vacuum desiccator and imaged the day after FIB
preparation.

EDX data was aqcuired with a Hitachi HF5000 en-
vironmental TEM operated at 200 kV with an electron
beam current of 100 pA and a dwell time of 10 ps. The
acquired EDX maps (Fig. S7) are 630x455 pixels large,
with a pixel size of 0.31 A. The line profiles shown in Fig.
3(b) also have a resolution on the c-axis of 0.31 A and
were extracted from the EDX maps using the “TruLine”
option, also known as the “Filtered Least Squares”, in
the AZtec EDS software from Oxford Instruments. EDX
measurements were performed 5 days after FIB sample
preparation.

Data analysis

From each LTEM image, a 40 pixel Gaussian blurred
version of the image was subtracted to remove long-range
intensity variations, followed by the application of a me-
dian filter. Domain width was measured by selecting sev-
eral neighboring domain walls and measuring their aver-
age distance. Magnetic bubble diameters are measuring
by tracing out their perimeter, and calculating the cor-
responding diameter assuming a perfect circle. For both
bubbles and domain walls, the position of the domain
wall is determined as the transition between bright and
dark contrast on the LTEM images.

Atomic force microscopy

AFM was performed on an Asylym Research Zypher
VRS AFM in tapping mode.
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