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ABSTRACT: Magnetic van der Waals (vdW) materials offer an Exposed to air
opportunity to design heterostructures that will lead to exotic 7
functionalities that arise from interfacial interaction. In addition to
coupling to different vdW materials, the naturally oxidized surface
layer of a vdW material also forms a heterostructure with its bulk
film, giving rise to intriguing phenomena. Here, we directly observe
the impact of oxidation on the magnetic domains, namely,
magnetic stripe domain and skyrmions, in a nanoscale Fe;GeTe,
flake using cryo Lorentz transmission electron microscopy. After
the Fe;GeTe, is exposed to ambient conditions, partial oxidation
leads to an increase in the density of skyrmions even under zero
magnetic field. Complete oxidation leads to a loss of the magnetic
domain structure. We observe a gradual change in Fe;GeTe, from single crystal to amorphous as the oxidation increases. The
oxidized Fe;GeTe, primarily consists of iron oxide, which could be antiferromagnetic in nature. We hypothesize that the interfacial
interaction between these surface antiferromagnetic oxides and the bulk ferromagnetic Fe;GeTe,, as well as the effect of interfacial
roughness, leads to the increase in Néel skyrmion creation. This work opens a path to harness controlled oxidation as a build block
to create dense skyrmion lattices without the need for an external magnetic field, leading to potential future applications in spintronic
devices.

KEYWORDS: Fe;GeTe, oxidation, LTEM, Neel skyrmions, rich—Fe-Ge cluster, interfacial interaction

1. INTRODUCTION Fe;GeTe, (FGT) has been extensively explored to under-
stand its intrinsic magnetic, electronic,” and optical18
behaviors. In addition, the effect of interfacial interactions
has been explored by creating heterostructures with different
materials, e.g., WTe,,’ CrI3,19 and MnPS3.20 FGT is known to
e ) - i be unstable under ambient conditions,'”*"** with easy
addition to the different compositions and stackings that can formation of a surface oxidized FGT (O-FGT) layer.
arise, gives rise to rich emergent physical behaviors, for

Two dimensional (2D) magnetic van der Waals (vdW)
materials, that consist of a stack of atomic layers, exhibit
weak interlayer vdW interactions and strong intralayer
interactions.” This unique structure and strong anisotropy, in

Interestingly, the formation of O-FGT naturally creates an

example, low-dimension-limit ferromagnetism,” a broad range interface with bulk FGT resulting in emergent physical
of magnetic spin textures,”© and a Curie temperature that can phenomena, e.g, exchange bias,'? antiferromagnetic cou-
be tuned by external stimuli such as thickness, strain, and ion pling,u and an interfacial Dzyaloshinskii—Moriya interaction
irradiation.””” VAW heterostructure stacks containing mag- (DMI).** Unlike the above-mentioned heterostructures by
netic vdW materials can be easily engineered using mechanical- externally stacking different materials, the O-FGT layer will
assembly and stacking, both by using the exfoliation method or have strong interaction with the bulk FGT. Although complete
by interfacing with thin films deposited using various sample oxidation of transition metals can degrade their magnetic
growth methods. The flexibility of the heterostructures that properties, partially oxidized magnetic films can exhibit

can be created enables a variety of novel functionalities that

result from interfacial coupling,lo‘11 for example, exchange Received: December 21, 2022 T
bias,"**® and magnetic proximity effects.'* This class of Accepted: March 1, 2023
materials is therefore attracting broad interest due not only Published: March 10, 2023

to enabling an understanding of fundamental physical
phenomena but also to their potential as candidates for

. . 15,16 . 17 c s
spintronic''® and valleytronic'” applications.
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anomalous magnetic phenomena, such as an additional
unidirectional anisotropy seen in Co/CoO and Fe/
Fe,0;.”** Thus, understanding the impact of oxidation on
magnetic properties of vdW magnets especially in terms of
domain behavior is critical for future applications, such as
bioinspired computing and infomration storage. However, so
far, the impact of oxidation on magnetic domain is little
known.

In this work, we explore how the oxidation affects the
magnetic behavior of nanoscale FGT flake. The nanoscale-size
magnetic domains are directly image in the FGT prior to and
post oxidation, by the use of Lorentz transmission electron
microscopy (LTEM). Comparisons of the structure and
composition of the FGT and the O-FGT enable us to
understand the phase changes introduced by oxidation, using
high-resolution transmission electron microscopy (HRTEM)
and energy-dispersive X-ray spectroscopy (EDS), respectively.
The oxidation state in the O-FGT is further analyzed by means
of electron energy loss spectroscopy (EELS) to gain insight
into the nature of the Fe valence in the FGT oxides. Our
findings demonstrate that the oxidation to a certain extend in
the FGT boosts the creation of skyrmions due to the interfacial
interaction between antiferromagnetic O-FGT and ferromag-
netic FGT.

2. EXPERIMENTAL SECTION

2.1. FGT Crystal Growth. FGT single crystals were grown by a
chemical vapor transport method using I, as a transport agent. The
mixture of Fe, Ge, and Te powders with stoichiometric ratio was
sealed in a evacuated quartz tube and heated under a temperature
gradient from 700 to 600 °C in a two-zone tube furnace. Millimeter-
size single crystals were obtained for 1 week’s growth. The
composition and structure of the obtained crystals were checked by
EDS and X-ray diffraction, respectively.

2.2. Preparation of TEM specimen. Bulk FGT crystals were
exfoliated inside a nitrogen glovebox (H,0, O, < 0.5 ppm) . A 27 nm
thick flake, which are measured using atomic force microscopy
(AFM) (Supporting Information Figure S1), was selected”® and
transferred onto a 50 nm thick SiN, membrane TEM window using a
dry transfer method involving polydimethylsiloxane (PDMS) and
polycarbonate (PC). The residual PC was removed by thermally
annealing at 350 °C and a vacuum of 2e — 2 mbar for 3 h, in a vacuum
chamber connected to the glovebox.”® An approximately § nm thick
graphite flake was then transferred to cover part of the FGT flake
using a similar method, to protect the covered area from oxidization.

The cross-section TEM specimens for HRTEM, EDS, and EELS
were also prepared from the bulk FGT crystal using a Zeiss focused
ion beam (FIB) system. To prepare the TEM sample for HRTEM
experiment, a carbon layer was deposited a using E-beam in the FIB to
protect the surface O-FGT layer from FIB damaging. The lamella was
further thinned from around 200 nm thick to less than 30 nm by low-
energy Ar ions using a Gatan PIPS II system to prepare a damage-free
sample. For a EELS TEM sample, a 110 nm thick Au layer was
deposited on the surface using DC sputtering to protect the surface
O-FGT during FIB preparation. The thickness of this FIB lamella is
approximately 65 nm that was estimated by the means of SEM. More
details on the TEM samples can be found in the Supporting
Information Figure S1.

2.3. LTEM Measurement. The LTEM imaging was performed
using a FEI Tecnai F20ST TEM operating in Lorentz mode at 200
kV. A Gatan double-tilt liquid nitrogen holder, with a minimum
reachable temperature of 100 K, was utilized to carried out cryo
LTEM experiments. Both fresh FGT and O-FGT flakes were imaged
using a zero-field-cooling protocol from room temperature to 100 K.
The defocus used for the LTEM images was 8—10 mm.

2.4. TEM Experiments. HRTEM imaging of the FGT samples
was performed using a JEOL JEM-2100F TEM operating at 200 kV,
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as well as a chromatic-aberration-corrected FEI Titan TEM operating
at 200 kV. The EDS data were collected using an FEI Talos F200X
STEM equipped with a super-X quad detector. The EELS data were
collected using a JEOL ARM200CF aberration-corrected STEM
equipped with a Gatan Quantum Dual EELS system, operating at 200
kV. The background signal was removed using the power-law fitting
method. The position of the Fe-L,; edge was determined by fitting
the spectrum using a Gaussian function. The white line ratio of L;/L,
was calculated using the Pearson method with a double step
function.”” The calibration samples for the EELS measurements
were an Fe (99.95%) film, a sample taken from a Fe,O; crystal, and
Fe;0, nanopowder (MilliporeSigma).

3. RESULTS
3.1. Observation of the Effect of Oxidation on
Magnetic Domain Structure. The FGT sample was cooled

in the absence of magnetic field from room temperature to 100
K. Figure la shows an LTEM image of the pristine FGT flake:

Fresh

Exposed in air

Intensity (a.u.)

0 100 200
Distance (nm)

Figure 1. Néel-type magnetic domains in pristine and oxidized FGT.
(a) Background-subtracted LTEM image showing magnetic domains
of pristine FGT flake in a zero-field cooled at 100 K, where the yellow
dashed line indicates the boundary of the graphite capping layer and
FGT & C’ represents the sample region with the FGT sample and the
top graphite layer. LTEM images of Neéel-type stripe domain as a
function of sample tilt: (b) a = 22°, (c) @ = 0° and a = —22°. Inset:
schematic illustrates the FGT sample tilt direction. (e) Average
intensity line profiles across the stripe domains shown by colored
arrows in (b—d). (f) Magnetic stripe domains and Néel skyrmions in
the same FGT flake after exposure to air for a week.

magnetic stripe domains and a few magnetic skyrmions being
visible at 100 K. These domains and skyrmions were confirmed
to be Neéel-type by acquiring a tilt series of out-of-focus LTEM
images as shown in Figure 1b—d. Figure le shows that dark-
bright (bright-dark) intensity profile at a = 22° (a = —22°)
and a flat line at & = 0°, confirming that the contrast disappears
at zero-tilt conditions. This suggests that the observed
magnetic domains are of Neéel-type in the fresh FGT with
strong magnetic perpendicular anistropy.”””” Note that the

https://doi.org/10.1021/acsanm.2c05479
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Figure 2. (a—d) Response of magnetic domains to the strength of a perpendicular magnetic field (#,H) (sample tilt angle a = 23°). An in-plane
magnetic field component, yoHy, is also introduced due to the sample tilt. The yellow dashed line indicates the boundary of the graphite capping
layer. Magnetic contrast was obtained by subtracting the image acquired at different magnetic field strengths from the image recorded at 1500 Oe,
at which the magnetic domains are saturated. The 'FGT & C’ in (a) indicates the region with the FGT sample and the protective graphite layer.
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Figure 3. Analyses of composition and crystal structure of an FGT flake on a SiN, membrane. (a) HAADF-STEM image and elemental maps. The
zone axis of the flake is along [001]. (b) Oxygen content across the region marked by a white arrow in the O EDS map in (a). (c) Bright-field TEM
image showing FGT, a transition region close to the grapite cap boundary, and the O-FGT. HRTEM images of (d) pristine FGT and (e) transition
region, and (f) TEM image of the O-FGT region with selected-area diffraction pattern inset.

image shown in Figure la was obtained by subtracting two
LTEM images at «a tilt angles of —22° and 22°, respectively.
This was done to improve the magnetic contrast as the raw
LTEM images (Supporting Information Figure S2) show very
weak magnetic contrast due to small flake thickness. At
opposite tilt angles, the orientations of the in-plane magnet-
ization components, which are perpendicular to the electron
beam, are opposite to one another. This allows for separating
the contribution from the magnetic phase shift in the LTEM
images. In Figure la, two of the magnetic stripe domains run
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continuously across the boundary between regions that are
covered by the graphite capping layer and uncovered (see
Supporting Information Figure S1), indicating that the entire
FGT flake is in the as-prepared state and is not oxidized.

It is well-established that FGT forms a surface oxide layer
under ambient conditions.'>*"***° Thus, in order to
investigate how the FGT oxidation affects the behavior of
magnetic domains, the identical FGT specimen was exposed to
air for a week, so that an O-FGT surface layer formed on the
region that is not protected by graphite. Figure 1f shows an

https://doi.org/10.1021/acsanm.2c05479
ACS Appl. Nano Mater. 2023, 6, 4390—4397
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Figure 4. Crystal structure and elemental composition in a cross-section specimen of bulk FGT. (a) HRTEM image showing the crystal structure
of FGT and O-FGT: yellow dashed line indicates the interface. Insets: FFT patterns of Regions I and II marked by colored frames in (a). (b)
Schematics of the FGT crystal structure along the [100] and [001] zone axes. (c) Atomic-resolution TEM image of the bulk FGT along the [120]
zone axis, which matches the standard atomic structure (inset). (d) HAADF-STEM image and STEM EDS composition maps for Fe, Ge, Te, and
O. (e) Superposition of O STEM EDS map with those of Fe, Ge, and Te. (e) Average line profiles of O, Fe, Ge, and Te across the O-FGT and
FGT regions indicated by a gray arrow in the STEM-HAADF TEM image in (d).

image of the same region of the flake as imaged in Figure la,
after exposure to air. The O-FGT region shows no magnetic
contrast owing to sample degradation arising from oxidation.
Surprisingly, in the region of FGT covered by graphite, densely
packed Néel skyrmions are formed, especially close to the edge
of the graphite. The magnetic contrast in the FGT flake after
exposure to air was further affected by artifacts caused by
oxidation of the sample. Therefore, in order to discern the
magnetic contrast and observe it clearly, we also separated out
the magnetic phase shift contribution, using the above-
mentioned image subtraction approach.

Additionally, we also explored the response of magnetic
domains to externally magnetic field in the O-FGT. Increase in
the applied magnetic field strength leads to shrinking and
annihilation of magnetic domains, in which the magnetization
original orientation is antialigned with the direction of the
applied magnetic field that is polarized with increasing field
(Figure 2). This further confirms that the extracted magnetic
contrast originates from the magnetic phase. A 1500 G
externally magnetic field is needed to polarize the magnet-
ization in the imaging region, which is greater than the
saturation field (1000 G) required for a 60 nm thick FGT
flake.’’ To understand the underlying mechanism of how
oxidation affects the FGT and promotes the formation of Neel
skyrmions in a zero-field condition, we explored the elemental
composition and crystal structure in FGT and O-FGT.
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3.2, Chemical and Structural Characterizations. We
characterized the spatial distribution of composition in the
FGT flake after exposure to air using scanning TEM (STEM)
EDS analysis. The high-angle annular dark field (HAADF)
STEM image and composition maps seen in Figure 3a shows
that overall the elements are spatially homogeneous except for
a few regions that are richer in Fe, Ge, and O in the FGT
covered by the graphite cap. This may result from the
penetration of oxygen during air exposure. The relative
distribution of O is also shown as a line scan in Figure 3b
along the white arrow indicated in the O elemental map of
Figure 3a. The fully exposed area of FGT (referred to here as
O-FGT) has the highest O concentration, and it gradually
decreases to a very low concentration as we move toward the
graphite-covered region. There is a slightly higher O content
near the graphite boundary. The bright-field TEM image
shown in Figure 3c shows the presence of a transition region
between the O-FGT and the pristine FGT. The brighter
particles observed in this region and along the crack in the
graphite layer correspond to the oxidized FGT. By correlating
the compositional distribution to the observed magnetic
domain behavior, we can conclude that the fully oxidized
FGT suppresses the formation of magnetic domains or
skyrmions, while a small amount of oxygen promotes the
creation of dense Néel skyrmions in the FGT. Oxygen atoms

https://doi.org/10.1021/acsanm.2c05479
ACS Appl. Nano Mater. 2023, 6, 4390—4397
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Figure S. EELS analysis of Fe oxidation state in FGT. (a) STEM-ADF image across the FGT and O-FGT regions. ELNES spectra for background-
subtracted (b) O-K and (c) Fe-L edges, averaged across the colored box regions in (a). In (c), the vertical dashed lines indicate the positions of the
two Fe L-edge white lines for FGT. (d) Calibration curve showing the Fe(L,/L,) white-line intensity ratio as a function of Fe oxidation state in Fe,
Fe,0;, and Fe;0, reference samples, and in FGT and O-FGT. The orange dashed line is a linear fit to the data for the references (black squares).
The estimated Fe oxidation states of FGT and O-FGT are 2.07 (+0.07) and 2.85 (+0.11), in which the uncertainties are calculated from four
different regions of the sample. (e) Fe oxidation state map for region shown in (a).

may penetrate through edges and vacancy defects to react with
sample.

The crystallinity of the film can strongly affect its magnetic
properties. In order to further understand the effect of FGT
oxidation on the crystallinity, we acquired high-resolution
TEM (HRTEM) images and electron diffraction patterns from
the various regions as shown in Figure 3d—f. The hexagonal
pattern of FGT in the ab plane is seen in Figure 3d, as also
shown schematically in Figure 4b. The selected area diffraction
pattern (inset) confirms the hexagonal pattern. In the
transition region (Figure 3e), we see a hexagonal pattern
arising from pristine FGT mixed with deformed bright regions.
Finally, in the O-FGT (Figure 3f), we see a mixed state
comprising amorphous and polycrystalline regions with no
evidence for the hexagonal pattern of the pristine FGT.

Determination of the variation of the composition in the ab
plane of the FGT sample and imaging crystal structure of the
plan-view FGT are also impacted due to the supporting
bottom amorphous SiN, membrane. Furthermore, since the
magnetic domains we observed are Neéel-type domains, which
are stabilized by an interfacial DML>>*" it is important to
analyze the structure and composition of the pure FGT and O-
FGT along the ¢ direction. We prepared a cross-section sample
from a bulk FGT crystal, including the surface that had been
exposed to air in order to observe similar effects of oxidation.

The cross-section HRTEM image (Figure 4a) shows the
presence of two distinct regions, namely, the pristine FGT and
the O-FGT. The pristine FGT (region I) shows clear lattice
fringes as confirmed by the corresponding FFT. Figure 4c
additionally shows an atomically resolved image of the crystal
structure along the [120] zone axis. The positions of the Te,
Fe, and Ge atoms are indicated by a schematic crystal
structure.’® As described above, the O-FGT region shows a
mixture of crystalline grains and amorphous regions (region
II). The corresponding FFTs (Figure 4a, inset) support these
observations. The crystalline regions are not oriented in any
particular direction, supporting our earlier observation of the
polycrystalline nature of O-FGT.

STEM-EDS measurements were further performed to
understand the composition variation along the c-direction,
as shown in Figure 4d. The pristine FGT shows uniform Fe,
Ge, and Te elemental distributions as expected. However, the
O-FGT region shows strong elemental clustering, seen as
bright and dark regions in the HAADF-STEM image. These
bright and dark regions correspond to the crystalline and
amorphous regions in Figure 4a, respectively. Superimposing
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the composition maps of Fe, Ge, and Te with the O map
enables an understanding of the local compositional variation
in the O-FGT region as shown in Figure 4e. There is a perfect
overlap between the Fe (or Ge) and O maps, but the Te and O
maps are anticorrelated. In Figure 4f, the average line profiles
of Fe, Ge, Te, and O across the O-FGT and FGT regions also
quantitatively show that clusters with higher oxygen content
coincide with the rich Fe and Ge locations and do not coincide
with the Te-rich locations. The Te-rich clusters (bright
segment) are polycrystalline, whereas the Fe—Ge oxide clusters
(dark segment) are amorphous (Supporting Information
Figure S3). It is worthy to note that the Te-rich clusters still
have lower-content oxygen in the O-FGT layer (Figure 4f).
These findings demonstrate the preferential formation of Fe
and Ge oxides. In order to gain insight into the oxidation state
of the O-FGT, we performed EELS measurements.

3.3. Determination of Oxidation State. FGT has a
sandwich crystal structure in each layer, consisting of Te/Fe,/
Fe,Ge/Fe,/Te (Figure 4b), leading to the valence states of
individual elements being: (Fe;**),(Fe,**)(Ge*")(Te?"),.** As
discussed previously, in the O-FGT, the oxygen ions are found
in the Fe—Ge-rich clusters. Fe has a higher electronegativity
compared to Ge and Te and, therefore, would be expected to
oxidize preferentially. Two types of Fe cation sites in FGT lead
to the presence of both divalent (Fe,™) and trivalent (Fe,**)
states. Therefore, we investigate the oxidation state of the Fe
oxide usin§ EELS, which provides high spatial and energy
resolution,”*

We acquired spatially resolved EELS spectra across a region
of the bulk FGT and the surface O-FGT in a cross-section
sample, as shown in the annular dark-field (ADF) STEM
image in Figure Sa. Parts b and ¢ of Figure S show the energy-
loss near-edge structure (ELNES) peaks for the background-
subtracted O—K and Fe-L EELS edges. In Figure Sb, two
significant O—K edge peaks are seen in the O-FGT, but only a
small single peak is visible in the transition region. It should be
noted that a small, weak O—K-edge ELNES peak is also seen
in the pristine FGT, which is mostly due to the surface oxide
formed on the TEM sample as it was exposed to air during
loading and unloading. The Fe-L edge shows the typical L; and
L, white-line peaks in all three regions (Figure Sc). The Fe L-
edge peaks shift to a higher energy in the O-FGT as compared
to the pristine FGT. The position of the white-line peaks is
related to the oxidation state:’” higher-energy peaks can be
attributed to an increase in Fe valence state.””*® This is
indicative of the oxidation process in the FGT, which has a

https://doi.org/10.1021/acsanm.2c05479
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mixed Fe** and Fe?* valence state, leading to an increase in the
average Fe valence state in the oxide as compared to the
pristine FGT.

The ratio of the integrated intensity of the Fe L; and L,
white lines is also dependent on the oxidation state of the
Fe.””?7?® The Fe(Ls/L,) ratio was computed using the
following steps: (1) removing the background signal from
the EELS spectra using a step function;”””>*" (2) integrating
the intensity underneath the Fe L, and L, peaks; and (3)
evaluating the ratio of the integrated intensity of the Fe L;/L,
peaks. To determine the Fe valence state in the FGT and O-
FGT from the white line ratio, we compared with the Fe(L;/
L,) intensity ratio from Fe reference materials, including pure
Fe (Fe°), Fe,0, (Fe**), and Fe,0, (mixed Fe**and Fe**) for
which we consider the average valence to be 2.67.*™*° This
allows us to obtain a relationship between white-line ratio and
Fe oxidation state, as plotted in Figure Sd. The Fe(L,/L,)
intensity ratio has a linear relationship with the Fe oxidation
states determined from the reference materials (black squares).
The average Fe oxidation state in FGT and O-FGT can thus be
estimated by fitting a linear function to the data, giving values
of approximately 2.07 (+0.07) and 2.85 (£0.11) for FGT and
O-FGT, respectively. These values quantitatively indicate an
increase in the valence state of Fe in O-FGT due to oxidation
as compared to that in the pristine FGT. As the value of the
white-line ratio in O-FGT is close to that of the Fe,O,
hematite phase, we expect that to be the dominant oxide
formed in O-FGT. The estimated Fe valence state of the FGT
is smaller than the theoretical value of +2.67 (2Fe** and
1Fe’). The method we used merely allows for the rough
calculation of valence state. The inelastic scattering events
(such as sample thickness and crystal orientations) and EELS
data processing (including background subtraction and fitting
with the step function) contribute to the error of estimate of
Fe oxidation state. Thus, here we only focus on how the
relative change in the oxidation of Fe between FGT and O-
FGT, rather than providing accurate values. The spatial
variation of the white-line ratio can be used to map the Fe
oxidation state as shown in Figure Se in the region shown in
Figure Sa. The Fe valence in the FGT is relatively uniform,
with a nonuniform valence state in the O-FGT. The lower- and
higher-valence regions correspond to Te-rich and Fe-rich
clusters, respectively.

4. DISCUSSION AND CONCLUSIONS

We observed the presence of Néel-type magnetic domains in a
pristine FGT flake with uniaxial anisotropy that was prepared
under a vacuum and covered with graphite. Néel-type domains
in perpendicular anisotropy materials typically occur due to an
interfacial symmetry-breaking interaction, yet pristine FGT
does not show such an interfacial asymmetry. The appearance
of Bloch-type skyrmions has been reported in unoxidized
FGT.”” However, we do not observe Bloch-type domain here.
Another consideration is the magnetostatic energy, which is
critical to determine the nature of magnetic domain wall, but
the Bloch domain wall is energetically more favorable in
particluar in a very thin films with the perpendicular anistropy
as compared to Néel wall."' Recent theoretical work has shown
that the fourth-order exchange interactions in monolayer FGT
can result in an anisotropic interaction and yield a DMI-like
effect to create mixed states consisting of either Bloch or Néel
spin textures.”” These types of interaction can possibly explain
our observations of Néel type skyrmions.
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Furthermore, we observed an increase in the density of the
domains and particularly of the Néel skyrmions under zero-
applied field when the sample was exposed to air. There are
two possible mechanisms for boosting the formation of Néel
skyrmions: exchange bias and surface roughness. Both these
cases can be attributed to the presence of a surface oxidation
layer. In the former case, the exchange bias can be created
between an antiferromagnetic O-FGT phase and the
ferromagnetic FGT.'” Previous reports have shown that
oxidized transition metal compounds can form an antiferro-
magnetic phase such as Co/ C00,”* Fe/Fe,05,* or oxidized
Permalloy,** which leads to an exchange bias interaction when
in contact with a ferromagnetic layer. We observed the
formation of Fe-oxide in the O-FGT region, which showed a
proportion of Fe®' sites that is similar to Fe,O; which is
antiferromagnetic.”*** We therefore hypothesize that the O-
FGT could be antiferromagnetic, which would also explain the
disappearance of magnetic domains in the LTEM images of O-
FGT. The interfacial exchange bias interaction between the
ferromagnetic FGT and the antiferromagnetic surface oxide
could support the formation of skyrmions in the absence of
magnetic field.**"***® Indeed, it has been reported that a
directly oxidized layer or a polycrystalline antiferromagnetic
layer can show a stronger exchange bias strength than a single-
crystal antiferromagnetic oxide.” Another possible factor
contributing to the change in magnetic behavior is the
significant roughness of the interface between O-FGT and
FGT, seen in both the in-plane and cross-section TEM samples
(Figures 3c and 4d). The rough interface morphology would
have a strong effect on the exchange anisotropy, favoring the
formation of circular magnetic domains akin to skyrmions in a
ferromagnetic-antiferromagnetic s.ystem.so’51

In summary, we have systematically examined how the
degree of oxidation in nanoscale FGT influences the magnetic
domain structure, chemical composition, and crystallinity. The
promotion of Néel skyrmion formation was observed when the
FGT was exposed to air under zero-field conditions. The O-
FGT forms an Fe-based oxide in Fe—Ge-rich clusters, and the
crystallinity changes from a single crystal lattice to a mixture of
polycrystalline and amorphous regions. EELS result reveals
that the average Fe oxidation state is closer to Fe’* in O-EGT,
possibly leading to O-FGT being antiferromagnetic. This then
leads to the introduction of a unidirectional anistropy, namely,
exchange bias, between the ferromagnetic FGT and anti-
ferromagnetic O-FGT, resulting in creation of a denser
skyrmion array. Our results also show that the nonuniform
O-FGT leads to a rough interface between O-FGT and FGT,
which could also possibly give rise to the preferential creation
of bubble-shape domains. Thus, this work demonstrates that a
controlled degree of surface oxidation in FGT films is
beneficial to supporting the creation of skyrmions under
zero-field conditions for future applications in spintronic
devices.
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