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Abstract

®
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We investigate the magnetic interlayer coupling and domain structure of ultra-thin ferromagnetic
(FM) cobalt (Co) layers embedded between a graphene (G) layer and a platinum (Pt) layer on a
silicon carbide (SiC) substrate (G/Co/Pt on SiC). Experimentally, a combination of x-ray
photoemission electron microscopy with x-ray magnetic circular dichroism has been carried out
at the Co L-edge. Furthermore, structural and chemical properties of the system have been
investigated using low energy electron diffraction (LEED) and x-ray photoelectron spectroscopy
(XPS). In situ LEED patterns revealed the crystalline structure of each layer within the system.
Moreover, XPS confirmed the presence of quasi-freestanding graphene, the absence of cobalt
silicide, and the appearance of two silicon carbide surface components due to Pt intercalation.

Thus, the Pt-layer effectively functions as a diffusion barrier. The magnetic structure of the
system was unaffected by the substrate’s step structure. Furthermore, numerous vortices and
anti-vortices were found in all samples, distributed all over the surfaces, indicating
Dzyaloshinskii-Moriya interaction. Only regions with a locally increased Co-layer thickness
showed no vortices. Moreover, unlike in similar systems, the magnetization was predominantly

in-plane, so no perpendicular magnetic anisotropy was found.

Keywords: epitaxial graphene, metal intercalation, x-ray photoemission electron microscopy,
magnetic imaging, Dzyaloshinskii—-Moriya interaction, graphene-ferromagnet interface

1. Introduction

The ongoing tremendous development of electronic devices
with the aim of further miniaturization while increasing per-
formance leads to several major and further growing chal-
lenges, such as a need for reduced power consumption and
improved heat dissipation [1]. The field of spintronics [2]
offers solutions to these challenges, as it provides enormous

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

potential for high-density data storage, high processing speed,
and low power requirements [3—6]. Within this research field,
effects such as giant magnetoresistance (GMR) [7-9] and
tunnel magnetoresistance (TMR) [10-12] enable a wide
variety of applications. For instance, magnetoresistive random
access memories (MRAM), MRAMs with spin-transfer tor-
que (STT-MRAM), and magnetic field sensors are the subject
of current research [13, 14].

In order to exploit the potential of spintronic applications,
there is a need for suitable spin transport channels, topolo-
gically stable spin textures, and fast motion of chiral textures
[15]. One promising candidate in this context is graphene
since it is known for its long spin-lifetime and diffusion-

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Sketch of the G/Co/Pt sample system on SiC.

length of several micrometers even at room temperature,
making it extremely interesting for applications such as in
lateral spin-transport devices [16]. Combining graphene with
a ferromagnet like Co leads to many advantageous effects,
such as Dzyaloshinskii-Moriya interaction (DMI), a strong
Rashba effect, and spin filtering [17, 18]. Moreover, it
enhances perpendicular magnetic anisotropy (PMA) in Co
and other transition metals [15, 19-21], which stabilizes
magnetization states over a long time [22-29]. Another
method of inducing PMA in Co was recently shown by
combining it with a heavy non-magnetic metal such as Pt
[30, 31]. A Co/Pt system also offers the possibility of spin-
based high-density memory storage as well as high domain-
wall velocities due to its chiral Néel-type magnetic domain
walls [15]. This feature allows for high processing speed in
future applications [32].

In this study, we investigated the combined G/Co/Pt
system prepared on silicon carbide (SiC) to unite the
respective mentioned beneficial properties of the G/Co and
Co/Pt systems. Figure 1 shows a schematic sketch of the
system. Next to the magnetic structure, its chemical and
general structural properties were studied as a basis for future
spintronic applications. In addition to all mentioned advan-
tageous characteristics, the inert properties of graphene pro-
tect the sample surface from oxidation [33]. Below the
surface, cobalt silicide formation is suppressed by the Pt-
layer, serving as a diffusion barrier up to certain temperatures
[34]. Cobalt silicides are suspected of weakening the Co-
layer’s magnetic order [31, 35-37].

DMI and PMA were reported in G/Co/Pt system pre-
pared on MgO(111) [15]. In that study, a rather thick Pt-layer
of 300 A reduced the influence of the substrate. In the present
study, we tried to obtain an experimental indication of the
substrate’s influence. Thus we studied thin films of Pt ranging
from 3 to 8 A. The SiC-substrate offers several decisive
advantages. Most importantly, the film quality of graphene
grown on SiC is of utmost quality. For instance, in contrast to
others, on this substrate, single crystallographic graphene

domains were reported over exceptionally large areas
[15, 33]. Further, graphene grown on SiC shows a very high
spin injection efficiency [38].

Here, we utilized intercalation to prepare ultra-thin metal
layers beneath the (6+/3 x 6+/3) R30°-reconstruction of the
SiC. The method is well-established for many different
materials, such as H, [39], Au [40, 41], and next to Co [31],
further 3d-metals like Fe [42] and Cu [43]. A range of distinct
properties of the resulting system can be tailored by selecting
the metal and specifying its thickness beneath graphene
[39, 44, 45].

In the present study, low energy electron diffraction
(LEED) and x-ray photoelectron spectroscopy (XPS)
were used to analyze the structural and chemical properties
of the system. These techniques revealed the crystalline
structure of each layer of the system, including a (4/3 x
4/3) R30°-reconstruction for the Pt-layer, and proved that
the Pt-layer effectively functions as a diffusion barrier, pre-
venting the formation of cobalt silicides. The magnetic domain
structure was studied by means of x-ray photoemission elec-
tron microscopy (X-PEEM) in combination with x-ray magn-
etic circular dichroism (XMCD). A predominantly in-plane
magnetization with numerous vortices and anti-vortices was
found in all samples. The vortices indicate the presence of
DMI. They were distributed over the entire sample surfaces
and since the magnetization is in-plane, they were found to be
merons, anti-merons, and bimerons [46].

2. Methods

2.1. Sample preparation

All samples investigated were cut from on-axis 4H-SiC (n-
type) wafers from Cree, NC, USA, which had been chemi-
cally-mechanically polished (cmp) and had an epi-ready
(0001) surface. Homogeneous large-area and single-domain
growth of the (6\/§ x 6:/3 ) R30° surface reconstruction of
SiC, also known as buffer-layer, was achieved by confine-
ment controlled sublimation (CCS) [47].

Before sublimation, all wafers were cleaned and degas-
sed. The cleaning process started with an ultrasonic bath in
acetone, followed by isopropanol for 10 min each. Subse-
quently, a dip in 5% hydrofluoric acid (HF) for 5 min was
carried out to remove oxide contamination from the surface
[48]. Degassing was carried out in a vacuum with a base
pressure below 2 x 10 *mbar at 700°C for 3h. In the
next step, Si sublimation was conducted in an inductively
heated graphite crucible, in 900 mbar Ar at 1500 °C for
30 min, resulting in the formation of a homogenous (6\/3 X
63 ) R30° surface reconstruction all over the sample [47].
Only very small graphene monolayer stripes were observed at
step-edges in the PEEM images. The height and width of
these steps are some nm and several um, respectively
[31, 49]. To investigate the influence of the buffer-layer’s
flatness on the magnetic domain structure, some samples were
prepared by the modified polymer-assisted sublimation
growth (PASG) method. This technique allows for the growth
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of ultra-smooth graphene and buffer-layers with step-bunch-
ing-free ultra-small terrace heights of only one or two SiC
layers [50]. This is the most important criterion for good
quality buffer- and graphene layer, resulting in enhanced
electron mobility and increased charge carrier densities [51].
For samples used in this study, a low miscut wafer (—0.03°
towards the primary flat) was used with a polymer solution of
volume ratio AZ(ul)/TPA(ml) of 3.4 for pre-treatment. Buf-
fer-layer growth was carried out at 1450 °C for 10 min and
1 bar Ar pressures.

Regardless of the buffer layer preparation method, sub-
sequently, the samples were inserted into another vacuum
chamber and annealed at 550 °C for 3 h. The base pressure
was below 2 x 107" mbar.

The sample surface was covered with Pt by physical vapor
deposition (PVD) and annealed to initiate intercalation. The
same steps were repeated for Co. During metal deposition, all
samples were kept at room temperature. The deposition rates
were determined using a quartz crystal microbalance to be
tpe = 0.025 Amin~! and 7, = 0.38 A min~!. The Pt-film
thickness was chosen to be 4 A. Initial investigations showed
that this thickness is sufficient to fully decouple graphene from
the substrate. The Co-film thicknesses of 1.5 nm, 2.6 nm, and
34nm were selected. These are thick enough to form a
complete layer after intercalation, and for a film thickness of at
least 3.0 nm, the magnetic domains cover several terraces [31].
Layers thicker than 4.0 nm are not expected to exhibit strong
PMA [15].

2.2. Characterization

In order to determine the temperatures necessary to intercalate
Pt and Co, a systematic and comprehensive preparation series
was carried out. The prepared surfaces were studied by UV-
PEEM. The corresponding images are presented in the
appendix information in figures Al and A2.

Sample heating was performed by direct heating and
sample temperature was controlled by an infrared pyrometer
(IMPAC IGA 6/23 Advanced, LumaSense). The maximum
sample temperature was 900 °C.

Samples were characterized by LEED and XPS in all
preparation steps. The surface periodicity was checked by
LEED, while XPS spectra were recorded to identify con-
taminations, chemical bonding states, and the order of surface
layers. These spectra were recorded at the PGM beamline 11
at the synchrotron radiation source DELTA, Germany.

To investigate the magnetic structure and anisotropy of
the embedded Co-layer, X-PEEM in combination with
XMCD at the Co L;-edge was used [52, 53]. All X-PEEM
images were acquired with the Elmitec PEEM-III energy
microscope at the UE49-PGM beamline at the BESSY 1I
electron storage ring, Berlin, Germany.

The energy and helicity of the incoming photons were
tuned to gain chemical and magnetic sensitivity, respectively.
By recording XMCD images for azimuthal sample angles at
0°, 90°, and 180°, the 2D magnetic structure can be deter-
mined [53]. The incident photon beam impinged the sample at
a grazing angle of 16°.

3. Results

3.1. Structural properties

Figure 2 shows LEED patterns of the sample system in different
preparation states. Figure 2(a) shows the pattern of the prepared
SiC surface. Next to two series of hexagonally ordered spots
originating from the substrate and the graphene, a variety of
spots caused by the (6+/3 x 6+/3) R30°-reconstruction are
visible. The individual spot-brightnesses within this image are
characteristic of different numbers of graphene layers. Here, a
small amount of graphene can be identified, which preferably
forms as small stripes at the substrate’s step edges. These
stripes form while the first carbon layer is still spreading over
the surface during sublimation, making them unavoidable for
the preparation of a complete reconstruction layer [31, 54, 55].

After deposition of only 4A Pt, the LEED pattern dis-
appears completely, indicating a homogeneous and non-periodic
coverage. Subsequently, the samples were heated to the pre-
viously determined annealing temperature in order to initiate
the intercalation process (see appendix A.l). For all investiga-
ted Pt-film thicknesses, no changes in the LEED patterns were
observed below 700 °C. After annealing at this temperature,
the hexagonally ordered graphene- and SiC-spots reapp-
eared. Simultaneously, the (6\/§ x 6:/3 ) R30°-reconstruction
remained absent, indicating decoupling and partial lifting of the
carbon layer. Thus, the buffer-layer became quasi-freestanding
graphene. In addition, a (44/3 x 4+/3) R30°-reconstruction
appeared, which is assigned to the intercalated Pt-layer. At a
temperature of 7p, =720 °C and above, these spots became
significantly more pronounced, while no further changes were
found up to temperatures of 900 °C. A corresponding image is
shown in figure 2(b). All samples shown here were annealed at
Ty to induce the intercalation of Pt.

These results are consistent with those reported by Xia
et al [56]. However, in our study, we find additional spots
surrounding each SiC spot, as visible in figure 2(b). These
additional spots allowed us to identify the superstructure. This
difference can be explained by the increased Pt-layer thick-
ness used in this work. Also, the electron kinetic energy of
Eyin =95 eV used to record the LEED image corresponds to a
slightly larger mean-free path. Within our study, we find an
improved spot sharpness and brightness due to the increased
layer thickness and increased mean-free path of electrons.

Additionally, acquired UV-PEEM images also confirm
that Pt successfully intercalates for annealing temperatures
of Tp, or higher, indicated by the reappearance of the initial
step-structure of graphene. Furthermore, similar to the
results of Xia et al, a first change after annealing at 550 °C
can be identified. This might be caused by Pt tending to wet
the surface [57], preferably at terraces. Corresponding
PEEM images and further information are provided in
appendix A.l. In the last phase of the preparation, Co
deposition leads to the disappearance of the pattern, as
already observed during Pt-deposition. Basedonthestudyof
Honig er al [31], Tc, = 325 °C was found to be sufficient for
Co intercalation with a Co-layer thickness ranging from 1.5
to 3nm. Figure 2(c) shows the LEED pattern of a sample
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SiC
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Figure 2. LEED patterns of the sample system various preparation
steps. The individual step is depicted in each image. LEED-spots of
graphene, SiC, Pt, and Co are indicated in gray, yellow, silver, and
red, respectively. (a) LEED pattern of a pristine sample, showing the
(6v3 x 6v/3) R30° -reconstruction on SiC. [33], (b) LEED pattern
of the sample system after intercalation of 4A Pt A (4V/3 x 4V/3)
R30°-reconstruction appears, associated to intercalated Pt, and (c)
LEED pattern of the sample system after intercalation of 2.4 nm Co.
A (1 x 1) R30°-reconstruction appears, associated to interca-

lated Co.

after depositing 2.4 nm Co and subsequent annealing. Two
sets of hexagonally ordered spots associated with graphene
and Co appeared. The Co-pattern is rotated by 30° with
respect to the graphene pattern, and it indicates a lattice
constant consistent with the one of Co in hcp-structure [58].
Spots of the Pt-layer and the substrate did not reappear due
to the rather thick Co-layer. The reappearance of graphene
spots after annealing indicates that Co has successfully been
intercalated. Also, this is confirmed by the bright appearance
of the graphene spots compared to the cobalt spots.

To avoid Si diffusion through the Pt- and Co-layers and
to keep Co in an hcp-lattice structure [58], no higher tem-
peratures were used in this preparation phase. However, this
relatively low temperature results in the Co spots not being
very sharp. This is likely due to limited long-range order,
which would also affect the system’s magnetic properties. For
all Pt- and Co-layer thicknesses investigated, the same spots
were visible in the LEED images. We could not identify any
differences.

3.2. Chemical properties

The following presents XPS spectra of a sample intercalated
with 4 A Pt and subsequently 3 nm Co.

The chemical composition of the sample was verified by
XPS survey spectra. The spectra were recorded at normal
emission, i.e. an emission angle of © = 0° and photon energy of
hvy=700eV. The upper panel of figure 3 shows a spectrum
taken before any metal deposition. Characteristic peaks of the
Si2s, Si2p, and C 1s orbitals, related plasmon-loss features, and
two Auger signals are indicated. After intercalation, signals of
the Pt4d, Pt4f, and Co 3p orbitals, along with the Pt OOO-
Auger signal, emerged, as shown in the lower panel of figure 3.

Next, a detailed analysis of the C 1s, Pt4f, and Co 3p has
been carried out. For this, high-resolution spectra were recor-
ded in each preparation step. The C 1s-, Pt4f-, and Co 3p-
spectra were taken at 450eV, 240eV, and 180eV, respec-
tively. Within the analysis, a Shirley background was removed
[59]. Subsequently, the spectra were decomposed into com-
ponents by applying a peak-fitting procedure using the soft-
ware LG4X-V2 [60]. The area ratio of an element’s component
at emission angles of © =0° and © = 60° compared to the
area ratio of the other elements’ components can be used to
determine the arrangement of the elements within the sample.

Figure 4 shows C 1s core level spectra. On the left side,
the graphene/SiC spectra are presented. They consist of four
components, which are assigned to SiC, graphene, S1, and
S2. Within the peak fit procedure, Voigt- and Gauss-Doniach
lineshapes were applied [61, 62]. The components S1 and S2
are assigned to carbon atoms with bonds within the upper-
most surface layer and with bonds to the underlying Si atoms,
respectively. The presence of a small graphene component
results from graphene stripe formation at the step edges, as
explained earlier. The last component, SiC, originates from
the substrate. [33, 54]

The spectra after intercalation of 4 A Pt and additional
3nm Co can be seen in the right column of figure 4. After
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Figure 3. XPS survey spectra of the initial SiC surface reconstruction and after intercalation of 4 A Pt 4+ 3nm Co in the upper and lower
panel, respectively. The electron signals of the respective elements, plasmon loss features, and Auger signals are assigned in the figure. After
intercalation a very weak oxygen contamination was detected, as shown in the green area in the lower panel.
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Figure 4. High resolution C 1s XPS spectra of the (6\/§ X 6+/3 ) R30°-reconstruction on SiC (left) and after intercalating 4 APt + 3 nm Co

(right).

intercalation of Pt, photoemission features of the (6\/§ X
63 ) R30°-reconstruction almost vanished, while the gra-
phene component increased strongly. These findings indicate
the decoupling of the carbon layer and its transformation into
quasi-freestanding graphene and, thus, a successful inter-
calation. In addition, two more components, SiC’ and SiC”,
appeared, associated with the upper first SiC layers, which are
in a changed Coulomb environment now due to the presence
of Pt. Comparing the heights of the components in the
spectrum taken at © = 0° with those in the spectrum taken at
© = 60° supports the assumption that the new components
are located at the top of the substrate. Similar effects, with
only one additional component, were found for the inter-
calation of H, Li, and Si [39, 56, 63, 64]. The only effect of
Co deposition and intercalation was a slight change in the
height ratios of the components.

Next, Co intercalation was verified by angle resolved
XPS (ARXPS). Due to annealing, the intensity of the Co
signal decreased while the intensity of the C signal
increased. This effect is even more pronounced, when

changing the emission angle from normal to grazing emis-
sion. A corresponding spectrum can be seen in figure A3 in
the appendix.

Figure 5 shows XPS spectra of the Pt4f doublet. Addi-
tionally to the decoupling of the (64/3 x 6+/3) R30°-recon-
struction resulting from the Pt interaction shown in figure 4, we
find three peaks from Pt-silicides in the signal, PtSi, Pt,Si, and
Pt;Si. The left column of figure 5 shows spectra before inter-
calation. Notably, all three silicides are already present at this
preparation phase, but with rather weak photoemission signals.
After intercalation, almost all the Pt is bonded to Si, as shown
in the spectra in the middle column of figure 5. This clear
change indicates that most of the Pt has been intercalated. After
the intercalation of cobalt, only the height ratios of the com-
ponents have changed slightly. Thus, Co intercalation does not
alter the chemical structure of the Pt-layer. Corresponding
spectra can be seen on the right in figure 5. In all preparation
stages, the components in the spectra taken at © =0° and
© =060° have approximately the same height ratios, which
indicates a well-defined and thin Pt-layer.
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Figure 5. High resolution Pt 4f XPS spectra after deposition of 4 APt (left), after the intercalation of the Pt (middle), and after 4 APt+3nm

Co intercalation (right).
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Figure 6. High resolution Co 3p XPS spectra after 3 nm Co-deposition (left) and after the intercalation (right).

The Co 3p spectra before and after intercalation can be
fitted with the same components and almost identical height
ratios, as displayed in figure 6. This proves the successful
prevention of cobalt-silicide formation by intercalating Pt
first. Next to the core level signal, two Co-satellite peaks are
identified. These are most likely shake-up (Satl) and shake-
down (Sat2) signals [65]. After intercalation, the Co is
covered by the carbon layer, resulting in decreased photo-
electron intensity. Since the Pt 5p signal is not affected by
intercalation, it grew after intercalation compared to the
Co 3p signal.

Furthermore, the strong decrease in Co intensity due to
the covering by the carbon layer causes the Pt5p doublet
signal to become much more pronounced in comparison after
intercalation. However, since the Pt is covered by the Co-
layer, its intensity is much larger at © = 0° than at © = 60°.

All components present in the spectra shown could
also be identified for all other samples of the investigated Pt-
and Co-layer thicknesses. Spectra of samples of different

layer thicknesses differ only in the height of individual
components.

3.3. Magnetic properties

The magnetization orientation of all Co-layers was investi-
gated after their intercalation was fully completed. To
investigate the influence of the preparation on the magnetic
properties of the intercalated Co-layer, three different sample
sets were prepared. Set A was prepared using the CCS-
method and treated ex situ, set B was prepared by the PASG-
method and treated ex sifu, and set C was prepared using the
CCS method and treated in situ. ex situ/in situ sample
treatment means that the sample was/was not exposed to air
between preparation and investigation. All previous investi-
gations were done solely in situ. LEED patterns and XPS
spectra of samples prepared with the two preparation meth-
ods, CCS and PASG, were quasi-identical, we could not
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identify a difference. Figure 7 displays X-PEEM images of
each sample type.

The first column shows images that depict chemical
contrast achieved by x-ray absorption spectroscopy, display-
ing the morphology of the cobalt films (see appendix A.3). In
the second column, images of the in-plane magnetization
orientation are presented. These were obtained by combining
magnetic contrast XMCD images recorded at the Co L;-edge
at three different azimuthal angles ¢ [52] (For more details,
see appendix A.4).

The chemical contrast figures 7(Al) and (B1) are char-
acterized by dark lines indicating the substrate’s step edges.
Cobalt tends to avoid these edges, due to graphene stripe-
formation over the buffer-layer at step edges during prep-
aration. The same was found for Co intercalated graphene on
SiC without Pt [31]. However, for sample A, Pt intercalation
prior to Co resulted in some small regions where no step-
edges were visible at all. In figure 7(A1), such a continuously
covered region can be observed around the defect in the lower
right. Its brighter contrast compared to the rest of the image
indicates a locally thicker Co-layer. Continuously covered
regions were only found for sample A. However, the flatter
steps of PASG-samples compared to CCS-samples lead to a
weaker contrast between the step edges and the terraces, and
many segments of the step edges appear to be covered
continuously.

Defects were observed all over the sample surfaces, and
examination of several images has shown that samples A and
B exhibited one defect per 220 nm?, approximately. Since all
defects appear dark, they are not caused by Co. Instead, they
most likely originate from remaining Pt at the surface, even
after most of the Pt had intercalated. A similar observation
was reported for Au [66].

Sample C was prepared by CCS, followed by intercala-
tion and in situ investigation. in sifu investigation was chosen
to avoid any sample modification due to air exposure or
subsequent annealing after reinsertion into vacuum. These
changes include the diffusion of Co into the substrate, the
diffusion of Si to the Co-layer, and possible structural reor-
dering [58]. The corresponding XAS image is presented in
figure 7(C1). It differs clearly from figures 7(A1) and 7(B1) in
that it exhibits two types of alternating terraces. One type is
depicted in homogeneous gray, while the other is displayed in
brighter gray with numerous dark dots corresponding to
defects. The dot defects most probably indicate dewetted Pt
remaining on the surface. This is a common phenomenon
caused by the minimization of the surface free energy upon
thin film annealing [67]. After further annealing, such dot
defects can combine into larger ones, as visible in
figures 7(Al) and (B1). The terraces with dot defects are
brighter than those without, indicating Co accumulation
on them.

Information about the local chemical properties of the
different identified regions was gained by XAS intensities
spectra. Figure 8 shows the spectra of the continuous region,
the terraces, and the step edges of sample A. Only the signal-
to-noise ratio and the background shape differ between the
spectra, indicating no chemical differences of the Co within

the different areas. Furthermore, no oxides are visible, and the
branching ratio of all areas is in the interval [0.63; 0.67]. For
the other samples, the results are comparable.

The in-plane magnetization angles of all samples show a
texture-rich structure of different spin vortex formations,
indicating a strong DMI. Some close-ups of these formations
are presented in figure 9.

Sample A: The continuously covered area of figure 7(A1)
differs from the rest also by its magnetic structure.

The magnetization direction in this region is much more
uniform than that in the stepped ones, as displayed in
figure 7(A2). This is probably caused by reduced DMI due to
the increased Co-layer thickness [68]. Samples with the other
Co-layer thicknesses investigated, i.e. 1.5nm and 2.6 nm,
showed similar results. Only the continuous areas are reduced
in size and number in the case of less Co. However, due to
time limitations, only images for two azimuthal angles could
be acquired during these additional measurements. For that
reason, the in-plane angle of these samples had to be calcu-
lated using an approximation. Further, in the other sample
areas, many vortices are visible, which indicates strong DMI
[69]. Exemplary, one is shown in the close-up in figure 9(a).
A comparison of the three X-PEEM images taken at different
azimuthal angles indicated that the sample is primarily in-
plane magnetized. Consequently, the vortices are most
probably merons. In fact, all samples are primarily in-plane
magnetized, which is in contrast to the studies of similar
systems [15, 30]. Since the PtSi bonds are the main difference
from other systems, they are most likely the reason why there
is no significant PMA present in the studied system.

Sample B: Even though the Co-layer in figure 7(B1)
seems to be more continuous than in the striped areas in
figure 7(A1), the magnetic orientation shown in figure 7(B2)
appears similar to the stepped regions in figure 7(A2). For this
sample, vortex formations are visible over the entire surface.
In figure 9(b), one particularly large one is presented in a
close-up.

Sample C: The magnetic in-plane angle of the third
sample is presented in figure 7(C2). It is particularly striking
that the two types of terraces visible in figure 7(C1) are no
different in their magnetic structure. Further, the edges
between the two types of terraces also do not change the
magnetization angle.

The magnetic structure is primarily homogeneous, with
many smaller domains of other spin orientations. At the
boundaries of these domains to the dominant spin direction,
once again, a large number of spin vortices are present. Next
to merons, also many bimerons are visible. The potential
influence of the numerous defects on the formation of the
merons and bimerons was analyzed by comparing their
location in the chemical and magnetic contrast images. No
correlation was found, indicating no pinning with contrib-
ution of the defects. Thus, the formations seem to be solely
stable due to topological protection [70]. One bimeron is
shown in the close-up in figure 9(c). The centers of the
antivortex (left) and the vortex (right) are marked.

Lastly, the orientation of the magnetic domains was
compared to the direction of the step edges. Sample A shows



Nanotechnology 35 (2024) 165702 P Weinert et al

1. chemical contrast (XAS images) 2. in-plane magnetization angle
= 10 1.0
g (A1)
g
)
< 8 0.8
o)
—
=
=
‘S 6 0.6
<
8 g £
8 3 3
P > >
= A 4 0.4
St
T
£ o 2 02
wn O
@)
S &
- 0 0.0
< 0 2 4 6 8 10
™ X/ ym
= 10
5)
g
—
g
= 0.8
—
3
-~
B
P 0.6
y 3 g
= + = >
S A 0.4
<
= o<
é’ <t
o 8 0.2
< g
A g
. © 0.0
A«
- 1.0
g
5)
S
= 0.8
o)
—
-
3
B 0.6
? £ £
£ s =
+ > >
= A~ 0.4
S
ESE
£ 3 0.2
on @
O g
O =
> 0.0
e 0 2 4 6 8 10
N X/ pm X/ um

Figure 7. First column: X-PEEM images with chemical contrast (XAS images) recorded at the Co L3-edge. Step edges are visible as dark
stripes, indicating that the Co-atoms avoid these areas. In figure 7(A1), three different areas are visible, marked with dots. These are one step
edge with a green dot, one terrace with an orange dot, and the continuous area with a red dot. XAS spectra of these areas are shown in
figure 8. Second column: in-plane magnetization angle of a Co-layer embedded between graphene and a 4 A Pt-layer on SiC.



Nanotechnology 35 (2024) 165702

P Weinert et al

1.0r continuous |
i\ terraces
0.8+ f \ —-- edges .
_ { \
3 I A
806 i 1
%‘ ’ \.\ .r.\
3 0.4F | A\ /AN y
< \ )i .
| \ / Y —]
. - /
0.2Ff | e 1
4
S
0.0 —— 1 1 L 1 L ]
770 775 780 785 790 795 800

kinetic energy / eV

Figure 8. XAS intensities of the three different areas of sample A
measured around the Co L;-edge. The areas are marked in
figure 7(Al).

mainly two types of in-plane domains, which are orientated in
opposite directions, and for samplesB and C, one spin
direction is predominant in each case. For sample B, the
direction is almost parallel to the step edges, while no specific
alignment was observed for the other samples. However, the
alignment of the domains of sample B seems to be uncorre-
lated with the direction of the step edges since the domains
reach over them instead of being confined or influenced in
any other way. Summarizing the observations, it can be
concluded that the step-edge orientation is not correlated with
the orientation or shape of the magnetic domains.

4. Conclusion

A graphene/Co/Pt multilayer system on SiC was
successfully prepared by intercalating 4A Pt on the
(64/3 x 64/3) R30° reconstructed SiC(0001) surface fol-
lowed by Co intercalation. The metals form homogeneous
films before and after intercalation.

The Pt intercalation lifted the (6+/3 x 6+4/3) R30°-
reconstruction with the carbon layer becoming quasi-free-
standing graphene. Additionally, Pt arranged in a (443 x
4.3 ) R30°-reconstruction and PtSi, Pt,Si, as well as Pt;Si are
formed due to intercalation. Further, Co-intercalation led to a
(1 x 1)R30°-reconstructed surface. No indication of cobalt-
silicide formation was found.

The in-plane magnetization orientation of CCS- and
PASG-prepared samples have been investigated by means of
X-PEEM in combination with the XMCD. For the samples
prepared by CCS and treated ex sifu (Sample A), the step
edges are clearly visible in images with chemical contrast.
The cobalt’s magnetization orientation of these samples is not
affected by the step edges. This observation differs from the
findings for the system graphene/Co/SiC(0001) without Pt as
a diffusion barrier, where magnetic alignment along the step-
edges was reported [31]. Furthermore, sample A exhibits
continuous Co-layers in some regions with a highly ordered

5.1
5.0 P
4.9
48
47

Sa6

>
45
44
43
42
4.1 . .

23 24 25 26 27 28 29 30 31 32 33
X/ um
(a) Close-up of sample A, showing a meron.
P
£
3
=
X/ um
(b) Close-up of sample B, showing a meron.
B id s
et PR RS R e S @

S e e v o =N NN

710~~~ e e — =~

- ———

6.9 1%

y/um

6.7

6.6 k
4.8 4.9 5.0 5.1 5.2 5.3

X/ pm
(c) Close-up of sample C, showing a bimeron.

Figure 9. Close-ups of different vortex formations of the in-plane
magnetization angle of the three types of samples investigated
presented in figure 7. Vortex centers are marked. Arrows indicate the
spin direction. Values of x and y are equal to those in the full images.
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in-plane magnetization orientation. The brighter XAS contrast
in these regions indicate a slightly thicker Co-layer. Samples
prepared by the PASG-method showed a stepped structure in
their chemical contrast, with many, but only small con-
tinuously covered regions. The magnetic orientation of the
Co-layer in those samples was highly unordered. In a third
step, CCS-method prepared samples with in sifu treatment
were investigated. For this sample type, a primarily homo-
geneous spin texture appeared together with many smaller
domains. Also numerous dot defects were found, which are
probably consist of dewetted Pt, which is expected to accu-
mulate to larger defects during additional annealing. Further
studies might investigate the influence of the annealing time
and temperature on these. All samples reveal numerous
merons and bimerons all over the surfaces. Only in the
mentioned continuous areas vortices were absent. Potential
pinning due to the defects was not observed.
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Appendix

A.1. UV-PEEM

To find the temperatures for a successful Pt- and Co-inter-
calation and to check the homogeneity of the deposited metal

(a)

(b)

(c)

films, a comprehensive series of preparatory UV-PEEM mea-
surements were performed (exposure time of 4 s), prior to the
work analyzing the sample’s chemical and magnetic properties.
In the PEEM images of the (6v/3 x 6+/3) R30°-reconstruc-
tion of SiC, characteristic lines become visible, as shown in
figure Al(a). These lines indicate step-edges of the substrate
and they result from the unavoidable miscut angle of the
substrate. In UV-PEEM images these lines reflect the topo-
graphic structure. The (6+/3 x 6+/3) R30°-reconstruction is
present on the terraces and is displayed as bright gray stripes.
An additional monolayer of graphene accumulates at the step
edges. Increasing the preparation time or temperature would
cause this monolayer to spread across the terraces, typically
indicated by a wavy edge. Furthermore, additional graphene
layers would also form. These are characterized by darker
contrasts due to their higher work function compared to buffer
layer and monolayer graphene [71]. Additional graphene layers
could weaken a system’s magnetic properties, e.g. the spin
lifetime and diffusion coefficient decrease when switching
from monolayer to bilayer graphene [16]. However, more
studies are needed to make a confident conclusion because
other studies are not so clear, e.g. studies on the spin-relaxation
mechanism in few-layer graphene are contradictory [72-74].
What can be said is that for multilayer graphene, intercalation
would become more difficult since the intercalate would most
likely also accumulate between the graphene layers. Further-
more, different SiC-polytypes can lead to different work
function contrasts at different terrace regions [75]. After metal
deposition, all step edges are covered by an amorphous metal
film, rendering the structure invisible in the PEEM images.
This observation holds true for all investigated samples, even
for the thinnest Pt-layer of 2 10\, which corresponds to an esti-
mated coverage of approximately one monolayer. Thus, a
homogeneous coverage is assumed.

After full intercalation, Pt or Co is found below the
carbon layer and the step-structure is restored. The temper-
ature initiating intercalation was determined by running
preparation cycles consisting of a 5 min annealing step and
the recording of a PEEM image. Subsequent preparation
cycles started with a 10 °C increased annealing temperature
compared to the previous cycle. A series of corresponding
images is presented in figure Al. The images have been
recorded with a STAIB 350-20 PEEM at TU Dortmund, in
combination with a mercury short arc lamp (cut-off energy
hv=49¢eV).

(d)

Figure A1. From left to right: UV-PEEM images of the as-prepared (6+/3 X 6+/3) R30°-reconstruction (a), after 4 APt coverage (b), after
annealing at 720 °C (c), after 2.6 nm Co coverage (d), and after annealing at 325 °C (e) (FOV 220 pm).
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Figure A2. UV-PEEM image of a sample after 4 APt deposition and
subsequent annealing at 550 °C (FOV 220 um).

During the Pt-preparation cycle, the first noticeable
change in the PEEM image occurred at 550 °C. After
annealing at this temperature, the step structure becomes
visible again. However, the steps appear quite blurred, as
shown in figure A2. This indicates a structural change in the
amorphous Pt-layer. Most likely, it becomes flatter by wetting
on the surface, preferably at terraces [57] or also by melting at
the surface [76]. As a result, the topography of the Pt-layer
becomes more similar to that of the stepped substrate while
still being on top of the buffer-layer. Further investigations
are required to describe this process precisely. The next
change occurred after annealing at 700 °C, which is shown in
figure Al(c). After this annealing step, the surface looks like
the initial bare buffer-layer. These results are consistent with
those of Xia er al [56]. After annealing at 900 °C, the highest
temperature applied in this study, no further structural or
chemical changes were observed in the sample.

Regarding the Co-preparation cycles, an annealing
temperature of 325 °C was determined to initiate intercalation,
which aligns excellently with the findings of Honig et al [31].
To avoid structural changes from a Co-diffusion into the
substrate or from a reorientation of Co-atoms [58] no
annealing temperatures above 325 °C were applied.

A.2. ARXPS

After Co deposition and subsequent annealing, no chemical
changes were observed. To confirm the successful Co-inter-
calation, angle resolved x-ray photoelectron spectroscopy
(ARXPS) was applied before and after annealing. Here, we
compared the ratios of the normalized Co 3p and C 1s pho-
toelectron signals before and after full intercalation as a
function of polar angle. In figure A3 the resulting data are
presented. The Co 3p signal ratio decreases, while the C 1s
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Figure A3. Intensity ratios of normalized XPS intensities after to
before annealing of the Co 3p and C Is signals as a function of polar
angle. The Co-layer thickness was 1 nm.

signal ratio increases at high polar angles. This indicates Co
intercalated below the top carbon layer due to annealing.

A.3. XAS

In x-ray absorption spectroscopy (XAS), photons excite
electrons from core levels to empty states near the Fermi
energy. The generated core level holes are filled by other
electrons, accompanied by the emission of an Auger electron.
Secondary electrons are generated by inelastic scattering
processes of Auger electrons. Images with chemical contrast,
as in figure 7, present the intensity / given by:

= Iedge - Ipre’

Al
I (A.D

with L4 being the intensity of XAS images taken at the Co
L;-edge and those taken a few eV below ... The intensities
were measured with both left and right circularly polarized
light and were added up. The resulting images provide
information about the morphology of the cobalt films, i.e.
bright areas indicate much Co while dark areas indicate
few Co.

A.4. XMCD

In the following, the dependence of X-PEEM image intensity
on the sample surface’s magnetization is explained. The
analysis used in section 3.3 was carried out according to these
explanations.

The geometry of the X-PEEM experiment is shown in
figure A4. The sample surface represents the xy-plane. The
direction of movement of the photons, given by p, is fixed and
lies in the xz-plane. It is the same for both light with positive
and negative helicity. As mentioned in section 2.2, the angle
between the sample surface and the incident photon beam is
16° =90° — «. The in-plane and out-of-plane components of
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Figure A4. Geometry of the experimental setup. Note that p is shifted
in its position compared to equation (A.2) for better visibility.
However, only its orientation is relevant to the analysis.

the local surface magnetization m are represented by mz; and
m, respectively. The initial azimuthal angle between m and p
is given by ¢q. For the measurements, the sample was rotated
around its normal by ¢. Therefore, the resulting azimuthal
angle of the magnetization direction is given by ¢g + ¢.

The vectors m and p are connected to the XMCD inten-
sity, which will be used in the following. According to the
representation, they are given by:

m)cos (¢ + @) —sin (@)
m=|msin(¢ + ¢y || P = 0 (A2)
m —cos (a)

Raw X-PEEM images were recorded with circularly
polarized light with both positive and negative helicity at the Co
L;-edge. Exposure time was 3 s. The setup used had a probing
depth of a few nm and a lateral resolution of 30 nm [77].

For each surface location and helicity, 40 images were
summed to improve statistics. By combining the sums I7,
with x indicating the helicity of the irradiating light, XMCD
images are obtained by:

neg _ Jpos

T (A3)

Ixvep =

Division by I"°® + I’°*® normalizes the data. This elim-
inates the effect of a potential uneven irradiation. The inten-
sity Ixmcp 1S proportional to the strength of the surface
magnetization |m| and to the cosine of the angle between m
and p, given by © = AL(m, p) [52, 53]:

IXMCD 0.8 |m| cos 0. (A4)

The right expression in equation (A.4) can also be written

as:
|m|cos© = |m| m'p (AS)

lm| - |pl
=—m|cos (¢ + ¢)sin(a) — my cos (). (A.6)

Defining the proportionality constant in equation (A.4) as
—k/sin (o) and introducing 77 := kmy and 71, := kmy_finally
results in:

Ixmep = 1| cos (¢ + ¢g) + i1 /tan (o). (A7)

Combining images recorded at three equidistant angles ¢,
here 0°, 90°, and 180°, leads to an analytically solvable
system of equations for 71|, ¢, and 777, . To solve this system,
multiple different cases have to be considered. As a result, 77|,
¢o, and i can be determined for each pixel of the field of
view. The resulting images can be analyzed, e.g., for the
relative strength of the in- and out-of-plane components and
for structures.

Prior to this calculation, the data was prepared for the
analysis. In a first step, image defects and an offset planer
were removed without changing the mean intensity. Then, the
images of each ¢-series were rotated and corrected for shift,
stretch, and skew so that each surface feature is represented
by the same pixels in all images.
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