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ABSTRACT: We report on the proof of principle of a
scalable method for writing the magnetic state by electron-
stimulated molecular dissociative adsorption on ultrathin Co
on Re(0001). Intense microfocused low-energy electron
beams are used to promote the formation of surface carbides
and graphitic carbon through the fragmentation of carbon
monoxide. Upon annealing at the CO desorption temper-
ature, carbon persists in the irradiated areas, whereas the clean
surface is recovered elsewhere, giving origin to chemical
patterns with nanometer-sharp edges. The accumulation of
carbon is found to induce an in-plane to out-of-plane spin
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reorientation transition in Co, manifested by the appearance of striped magnetic domains. Irradiation at doses in excess of 1000
L of CO followed by ultrahigh vacuum annealing at 380 °C determines the formation of a graphitic overlayer in the irradiated
areas, under which Co exhibits out-of-plane magnetic anisotropy. Domains with opposite magnetization are separated here by
chiral Neél walls. Our fabrication protocol adds lateral control to spin reorientation transitions, permitting to tune the magnetic
anisotropy within arbitrary regions of mesoscopic size. We envisage applications in the nano-engineering of graphene-spaced

stacks exhibiting the desired magnetic state and properties.
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1. INTRODUCTION

The ability to create magnetic nanopatterns, that is, controlled
lateral modulations in the magnetic anisotropy (MA) of a
continuous magnetic film, is key to the development of devices
and sensors with novel architecture and functionality.'
Magnetic patterning is often carried out by means of ion
irradiation combined with conventional lithography and
etching and permits lateral resolution nowadays nearing the
nanometer.” The effective MA of the magnetic medium is
controlled through the energy and fluence of ions, which can
induce structural transitions” and disorder at the film
interfaces®~” or can change the chemical state of the material.®
Irradiation and implantation methods, however, have a limited
field of application because they can produce irreversible
structural damage. Varied techniques have been proposed as an
alternative, for example, thermally assisted scanning probe
lithography” or electron irradiation'”"" to name just a few.
The usage of e-beams for magnetic patterning was pioneered
by Allenspach and co-workers. They studied ultrathin Co films
on Pt(111) and found that irradiation with high-energy
electrons induces an in-plane to out-of-plane spin reorientation
transition (SRT), which was attributed to a structural
transformation of the magnetic medium.'® Surprisingly, e-
beam-induced magnetic phenomena have remained substan-
tially unexplored since then, with only a few exceptions noted.
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For instance, electron irradiation was found to induce the
switching of a metastable state in Fe thin films grown on
GaAs(110), producing an in-plane to in-plane SRT. This
phenomenon was explained by invoking electronic excitations
and ruling out adsorbate effects."’ On the other hand, a recent
study attributed an in-plane to in-plane SRT occurring in
ultrathin Co(110) to the electron-stimulated irradiation and
desorption of the adsorbed carbon monoxide,'” which
permitted to demonstrate magnetic patterning at the
millimeter scale."’ Yet, a microscopic proof of this concept is
still missing and its mechanisms certainly deserve further
investigation.

As a novel aspect pertinent to this subject, we address here
the effect that stimulated molecular dissociative adsorption
induces on thin-film magnetism, focusing on the model case of
CO on cobalt. Indeed, electron-beam-stimulated processes
involving simple molecular adsorbates have attracted huge
attention in the past decades, both experimentally and
theoretically.' "> Yet, these studies mainly focused on the
fundamental physical mechanisms of molecular fragmentation,
leaving basically unexplored the territory of magnetism. In the
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following, we will describe a method to graft micrometer-sized
carbon patterns inducing an in-plane to out-of-plane SRT in
few-layer hcp Co on Re(0001). By irradiating the film surface
in CO ambient using microfocused beams, we will show that
monolayer (ML) atomic carbon can be accumulated and, most
remarkably, converted to a single graphitic layer upon a mild
annealing treatment. As we will see, these carbon overlayers
can greatly influence the MA of the underlying Co thin film.

Our work is motivated by the current strong interest in
magnetic heterostacks comprising a two-dimensional (2D)
nonmagnetic material as a spacer layer because of their
relevance for spintronics.1 As a prototypical 2D material,
graphene is ideally suited for this type of application as it
enhances perpendicular MA (PMA) in Co thin films,'® indeed
a very desirable characteristic for most magnetic memory
devices. Notably, graphene-spaced magnetic stacks can be
considered as the essential building blocks for the synthesis of
ferromagnetic (FM) and antiferromagnetic (AFM) materials
with tunable magnetic properties. In this regard, antiferro-
magnetic exchange coupling was recently demonstrated in Fe/
graphene/Co layers supported on Ir(111)."” As a further
reason of interest, we note that graphene/Co is currently under
the spotlight owing to the observation of chiral spin textures at
the graphene—ferromagnetic metal interface, their origin being
attributed to the Rashba effect.'"® The capability to locally
deposit 2D carbon layers is thus highly desirable. As will be
shown, our method does not require high temperatures, which,
together with lithographic capability, is a notable advantage
over chemical vapor deposition (CVD) techniques.

2. EXPERIMENTAL SECTION

All experiments were carried out at the "Nanospectroscopy” beamline
of the Elettra Synchrotron (Trieste, Italy), using the spectroscopic
photoemission and low-energy electron microscope (SPELEEM)."”
This microscope allows us to correlate the magnetic state of the Co
film, probed by X-ray magnetic circular dichroism photoemission
electron microscopy (XMCD-PEEM),”**" to its surface stoichiometry
and electronic structure, characterized by means of laterally resolved
X-ray photoelectron spectroscopy (XPS) and microprobe angle-
resolved photoelectron spectroscopy (u-ARPES). Crucial to our work,
the SPELEEM can also be operated as a LEEM, permitting us not
only to monitor the growth and structural quality of the cobalt films,
but also to perform micro-spot irradiation with its electron source. In
the LEEM, the specimen is probed with a microfocused, collimated
electron beam emitted by an LaB4 cathode. The microscope then
collects the electrons that are elastically backscattered at the specimen
surface, which can be imaged in either real or reciprocal space (see the
Methods Section).

The model system chosen for this work is affine to the thoroughly
studied Co/Ru(0001), sharing with it the same substrate symmetry
(hep structure at room temperature; see the Methods Section) and
similar lattice constant. It is important to note that ultrathin Co films
frequently display SRTs and other intriguing magnetic configu-
rations.”” In-plane to out-of-plane and out-of-plane to in-plane SRTs
were observed for hcp Co/Ru(0001), occurring at thicknesses of 2
and 3 atomic layers (ALs), respectively.”” Further, we note that the
MA of ultrathin Co films is known to be strongly influenced by the
adsorption of CO and other gases, as has been repeatedly
reported.z‘%_26 The choice of a heavy metal substrate, Re, was
functional to obtaining strong and asymmetric exchange interactions
at the interface, also known as the Dzyaloshinskii—Moriya interaction
(DMI).27'28

Ultrathin Co films of homogeneous thickness in the range 4—6 AL
were grown as detailed in the Methods Section and section SI of the
Supporting Information. At the thicknesses hereby considered, that is,
greater than or equal to 4 AL, X-ray circular dichroic asymmetries up

to 15% were observed at the Co L; edge. This large dichroic
effect indicates predominantly in-plane MA and is rationalized
considering that the synchrotron light impinges on the sample at an
angle of incidence of 16° from the surface plane. Our observations are
in agreement with previous measurements on the closely related Co/
Ru(0001) system, which was found to exhibit in-plane MA at
thicknesses equal to or greater than 3 AL.>* Yet, it has to be noted
that XMCD-PEEM cannot easily quantify canted configurations,
which were previously observed for Co films grown on W(110) at a
thickness in the range 3—8 MLs.” Nonetheless, on the basis of image
contrast considerations, we can safely exclude large tilt angles in the
as-grown Co film.

3. CONCEPT OF THE PATTERNING METHOD

The protocol underlying chemomagnetic patterning is
illustrated in Figure 1. In the first step (top panel), the clean
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micro-focused beam
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Figure 1. Scheme of the grafting protocol used to produce
chemomagnetic patterns in ultrathin Co. (a) The film is exposed to
CO at room temperature and irradiated with a focused electron beam,
so that the dissociative adsorption of the molecule is induced. (b) The

sample is annealed at 170 °C to desorb molecularly adsorbed CO
from the nonirradiated surface regions.

Co film (showing in-plane MA) is saturated with CO and then
irradiated with an intense, microfocused electron beam while
being exposed to CO at room temperature. The irradiation
with low-energy electrons induces CO dissociative adsorption
and desorption, as has been amply documented for varied
transition metals.'> As shown previously, the energy threshold
for electron and photon CO dissociation is close to 15 eV; the
largest cross section of the electron-stimulated process is
reached in the energy range 50—100 eV.’”’' The e-beam
irradiation is carried out in CO ambient at pressures in the
range 107 to 107° mbar, so that molecular adsorption can
counterbalance the effect of stimulated desorption. This
permits the accumulation of C on the surface, as previously
reported by Lambert and Comrie.”> We also note that, at the
CO pressure considered here, molecular fragmentation mostly
occurs on the surface owing to the long resident time of CO
following adsorption. Negligible dissociation occurs in the gas
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phase, the CO density being far too low to allow ionizing a
significant number of molecules.

In the second step (Figure 1, bottom panel), ultrahigh
vacuum (UHV) conditions are restored; the sample is then
annealed above the CO desorption temperature, that is, 170
°C.** In this manner, molecularly adsorbed CO is removed
from the nonirradiated regions. These regionstherefore exhibit
in-plane MA, just like the as-grown film. On the other hand,
atomic carbon cannot be removed from the regions previously
irradiated with the e-beam. In this respect, it is important to
note that the bond strength of carbidic C to Co(0001) is much
larger (6.47 eV/atom) than that of chemisorbed CO (1.46 eV/
atom).** As will be shown below, both carbidic and graphitic
carbon layers have a strong influence on the magnetic
properties of the Co film, thereby inducing in-plane to out-
of-plane SRTs. Clearly, the concept hereby illustrated can be
generalized, for instance, using other molecules in place of CO,
provided they do not thermally dissociate during the annealing
treatment.

4. RESULTS AND DISCUSSION

4.1. Irradiation at Low CO Doses. Figure 2 shows room-
temperature LEEM and XMCD-PEEM images of circular
structures grafted on 4 AL thick Co films grown on Re(0001).
All structures shown in Figure 2a were fabricated by predosing
2.5 L of CO before irradiation and then delivering further 4.5 L
during irradiation, as previously detailed. The four smallest
disks measure about 500 nm in diameter. LEEM imaging
conditions were adjusted so that the irradiated spots appear
brighter than their surroundings, exploiting differences in the
low-energy electron reflectivity that are related to the modified
chemical composition of the topmost surface layer. The
XMCD-PEEM image in Figure 2b illustrates the magnetic state
of the region corresponding to the disks highlighted by the
dashed contour in Figure 2a. Striped magnetic domains are
clearly visible within the irradiated areas, indicating the onset
of an in-plane to out-of-plane SRT. As seen in other
experiments, the CO dose of 4.5 L is barely sufficient to
induce the transition, so that the XMCD image depicts the
magnetic state very close to the transition critical point.

The LEEM and XMCD-PEEM images in Figure 2c,d display
a micrometer-sized disk that was printed by irradiating the
cobalt surface for a longer time (a dose of about 10 L of CO
was given during irradiation). The LEEM image demonstrates
that the disk exhibits quite sharp edges. A cross-sectional cut of
the LEEM image across the disk edge is shown in Figure 2e,
along with a step function fit that reveals an edge width of less
than 30 nm. This broadening results from both the limited
resolution of the microscope and the sample drift during
irradiation. As can be seen in the XMCD-PEEM image in
Figure 2d, the stripe pattern is fully established at this stage. An
intensity profile perpendicular to the stripe direction reveals a
period of about 120 nm (see Figure 2f).

The emergence of a periodic stripe pattern is a clear,
unambiguous sign of an in-plane to out-of-plane SRT.>**° The
out-of-plane MA observed within the irradiated areas is
confirmed by the decrease of the magnetic contrast due to
the measurement geometry.”” Overall, we observed the SRT in
Co thicknesses of up to 6 AL. Our XMCD data show clearly
that the stripe period increases with increasing CO dose. As
will be shown below, this process eventually leads to the
formation of very large, stationary domains, as is expected
when moving away from the critical point of the transition.>”
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Figure 2. Images of chemomagnetic patterns on a Co film with a
homogeneous thickness of 4 AL; all structures were grafted upon
irradiation with 50 eV electrons at pco of 2 X 107% mbar. The e-beam
flux density on the sample was 1.3 X 10'® e~ cm™ s7%. (a) LEEM
image at Vg = 8 V of nine e-beam irradiated disks of diameter
approximately S, 1, and 0.5 pm. CO dose: 4.5 L; (b) Co L; edge
XMCD-PEEM image of the region highlighted by the white box in
(a). (c) LEEM image at Vg = 9 V of an e-beam irradiated disk
measuring approximately 1 ym in diameter; CO dose: 9.75 L; (d)
XMCD-PEEM image of the same region at the Co L; edge. (e)
Intensity profile across the orange line in the LEEM image in (c) and
fit using a step function convoluted with a Gaussian of full width at
half-maximum of 30 nm. The dashed blue lines indicate the 15—85%
distance between minimum and maximum intensity. (f) Intensity
profiles across the blue and orange dashed lines in the XMCD-PEEM
image in (d). The plot highlights a difference in dichroic contrast of
~3.5 between the irradiated disk and its surroundings. The magnetic
stripes exhibit regular oscillations with a period of about 120 nm.

Temperature-dependent XMCD-PEEM measurements
showed that the stripe patterns are visible up to about 140
°C, a large enough value to ensure sufficient stability to the
magnetic state observed at room temperature. The large
XMCD contrast recorded outside the irradiated disks indicates
that the magnetization is still oriented in-plane in the
nonirradiated regions.

The chemical state of the adlayer was investigated by
probing the C 1s and O 1s core-level emission inside and
outside disks with a diameter of § ym. The measurements were
carried out at room temperature, after irradiation in CO
ambient (Pco = 2.5 X 107° mbar) and UHV annealing.
Selected XPEEM images of an irradiated spot are shown in
Figure 3ab. They qualitatively demonstrate the different
surface stoichiometry inside and outside the irradiated disk.
These differences are quantitatively assessed by the spectra
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Figure 3. (a,b) C 1s (hv = 400 eV) and O 1s (hv = 650 eV) XPEEM images of a S ym diameter disk, printed by e-beam irradiation in CO ambient.
CO dose: 6.75 L. The images demonstrate carbon and oxygen accumulation within the e-beam irradiated region. (c,d) C 1s (hv = 400 eV) and O
1s (hv = 650 eV) spectra from the irradiated disks and the nonirradiated surface region surrounding it. The C enrichment reflects the CO dose. For

explanation, see text.

Table 1. Summary of the results reported in this work”

irradiated area

non-irradiated surface

de, (AL) dose (L) UHV annealing treatment Oc (eML,,)
4.0 4.5 5190 °C 0.12
4-=5 5.6 5190 °C 0.14
4-6 11.2 5190 °C 0.23
4-5 >10° ramp to 380 °C 0.77
4.7 >10° 5—10' 400 °C 0.77

C type MA Oc (eML,,) C type MA
carbidic 1 0.04 carbidic —
carbidic 1 0.04 carbidic -
carbidic 1 0.04 carbidic —
graphitic T 0.08 carbidic -
graphitic T Co islanding -

“The C coverage 0, overlayer chemical state (type of carbon), and MA of the irradiated and nonirradiated surface regions are listed as a function
of cobalt thickness (dc,), CO dose delivered during e-beam irradiation (L), and the final temperature and duration of the annealing treatment.

Legend: — indicates in-plane MA, 1 indicates out-of-plane MA.

shown aside. As can be seen in Figure 3¢, the intensity of the C
1s emission increases with the CO dose delivered during e-
beam irradiation. In all spectra, the component at binding
energy (BE) of 283.5 eV is clearly dominant and can be
attributed to carbidic species.”® A careful inspection of the
spectrum obtained after 10 min irradiation reveals a second
component, centered at 284.9 eV, readily ascribed to the
formation of sp? carbon and thus graphitic in nature.””

The adlayer coverage was estimated by evaluating the area of
the measured C 1s spectrum and comparing it with that of
single-layer graphene grown by high-temperature CVD on a
thick Co film supported on W(110). We determined a carbon
coverage of 0.14 and 0.23 eML,, (graphene-equivalent ML) for
the disks irradiated for S and 10 minutes, respectively. On the
other hand, the nonirradiated part of the surface, still showing
in-plane MA, exhibits a significantly lower C coverage, about
0.04 eML,, which is compatible with the surface being
contaminated by the background pressure of CO and other
hydrocarbons during the time needed to prepare and perform
the measurements. We thus estimate that the amount of C
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necessary to induce the SRT is very close to 0.1 eML,,. Results
for the different preparations reported in this study are
summarized in Table 1. These findings demonstrate a clear
tendency toward the accumulation of carbon under X-ray
irradiation in CO ambient. As a matter of fact, graphitization
processes resulting from CO dissociation occur on all surfaces
that are exposed to low-energy electrons beams, extreme UV
radiation, and soft X-rays.** As is well known in the X-ray
optics community, they lead to detrimental effects, affecting
mirror reflectivity at and above the carbon K absorption
edge H

Focusing now on O 1s spectra in Figure 3d, the main peak
(529.6 eV) is assigned to the adsorbed atomic oxygen bound
to cobalt, forming CoO species.”” We ascribe the tail at higher
BE to the formation of a disordered oxygen adlayer, with
multiple adsorption sites becoming populated.”* The absence
of emission at 532 eV, however, indicates that no molecular
CO is adsorbed on the surface; that is, CO has already
undergone dissociative adsorption or desorption. Interestingly,
the O 1s emission reaches an intensity maximum correspond-

42
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Figure 4. (a) LEEM image of an e-beam irradiated S AL thick Co film after annealing to 380 °C. A total CO dose of 2700 L was delivered during
irradiation with 60 eV electrons. The small dark patches (top left) are surface regions that were not fully covered during the deposition of the first
Co layer. Their thickness is 4 AL of Co. (b) LEEM-IV spectra inside and outside (blue and black curves, respectively) the irradiated disk. Note that
the low-energy electron reflectivity of the surface does not change upon treatment (CO exposure followed by annealing for the nonirradiated
regions). (c) XPEEM C 1s spectra from inside (blue line) and outside (black dashed line) another e-beam irradiated structure (a CO dose of 1350
L was delivered in this case); the C 1s spectrum (orange) of CVD graphene grown on the same substrate is shown for comparison. The XPEEM
image in the inset represents the C map; photon energy: 400 eV. (d) #-ARPES data from inside the irradiated disk shown in (c). The graph is a
cross-sectional cut along the radial direction indicated by the dashed red line in the pattern shown in the inset. The position of the K point is
indicated by the black dashed line, whereas the horizontal red dashed line indicates the energy at which the pattern shown in the inset was acquired.
The 7 band of rotationally incoherent graphene can be clearly recognized. Photon energy: 40 eV.

ing to the dose of 5 L of CO and notably decreases for higher
CO doses. This observation is consistent with complementary
photon-stimulated desorption experiments that we performed,
indicating that the desorption channel becomes progressively
more important as C accumulates on the surface. The decrease
of the O 1s signal is attributed to an attenuation effect due to
the growing carbon layer. Finally, we estimate the ratio
between the oxygen and carbon coverages by computing the
areas of C 1s and O 1s peaks (in this case, both spectra were
measured at the same photon energy of 650 eV), taking into
account the photoionization cross sections of the correspond-
ing core levels and the energy-dependent transmission of the
spectrometer. We obtain a value of ~1/3, which corresponds
to an oxygen coverage of less than 0.1 eML¢, (ML equivalent
of Co).

We briefly mention that the magnetic patterns can be
preserved from the action of external agents, for example,
oxidation, a crucial aspect for the fruition of our patterning
method. This was achieved through the deposition of a thin Ag
film (with thickness of ~6 AL) above Co. Ag was chosen
because it maintains in-plane MA in the nonirradiated
regions.” Layer-by-layer growth on cobalt is another notable
advantage, resulting in the formation of high-quality epitaxial
layers. The capability of Ag-coated Co to withstand brief
exposures (duration of a few minutes) to ambient conditions
while preserving the magnetic patterns is demonstrated in
section S2 of the Supporting Information.

27182

4.2. Irradiation at High CO Doses (>103 L). CO
exposures of the order or in excess of 10° L result in a much
larger amount of carbon being deposited on the surface. As
noted above and also confirmed by XPS, carbon initially forms
carbides and then accumulates in a graphitic form. The disk-
shaped structure shown in Figure 4a was fabricated by
irradiating a § AL thick Co film with 60 eV electrons at a
CO partial pressure of 1 X 10~¢ mbar, delivering a total dose of
2.7 X 10° L. After restoring UHV conditions, the specimen was
heated at the rate of ~1.35 °C/s up to a maximum temperature
of about 380 °C. During treatment, we monitored the film
structure with the LEEM and observed a quick increase in the
LEEM reflectivity at 8 eV at temperatures above 320 °C. This
behavior reflects not only an improved ordering within the C
overlayer but also a chemical change, with carbon transforming
from carbidic to graphitic type. The annealing treatment was
stopped immediately after saturation of the LEEM intensity to
avoid dewetting and minimize islanding in cobalt. The
transformations occurring in the adlayer and film upon thermal
treatment are summarized in Scheme 1.

The LEEM image in Figure 4a proves the sharp morphology
of the pattern. Importantly, we do not observe the opening of
“holes” inside the disk, or islanding outside the irradiated areas,
indicating that the cobalt has not undergone a lateral
rearrangement. This is confirmed by measurements of the
low-energy electron reflectivity. As seen in Figure 4b, the
nonirradiated areas exhibit nearly identical characteristics
before and after the treatment. The observation of quantum
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Scheme 1. Diagram illustrating the transformation of the
adlayer and Co film upon thermal treatment. (1) The
nonirradiated, CO-covered surface is annealed to or above
200 °C to desorb CO and recover the clean, as-grown
surface. (2) The e-beam irradiated C-covered surface is
ramped to 380 °C; carbidic C transforms into graphitic C.
Short thermal treatments were found to leave the
morphology of the as-grown film unaffected, but
prolonged annealing caused the formation of three-
dimensional Co islands in the nonirradiated surface regions.
Islanding never occurs in the graphitized regions

600 — dewetting

Co islanding

[\l non-irradiated surface e-beam irradiated

adsorbed CO carbidic and graphitic C

well resonances (see section S1 in the Supporting Information)
indicates homogeneous characteristics across the surface and
confirms that the initial thickness of ~5 AL is preserved.
Prolonged annealing above 400 °C results instead in some
dewetting and islanding outside of the irradiated areas, but not
inside. Consistent with previous data on Co under graphene on
Ir(111),* the C-covered regions always appear laterally
homogeneous, which can be attributed to graphene effectively
hindering Co diffusion and islanding. As we could verify by
XPS, further annealing does not improve the quality of the
graphitic layer.

XPEEM spectroscopy and imaging was used to locally assess
the chemical state of a similarly fabricated microstructure. As
can be seen from the spectra plotted in Figure 4c, the C 1s
emission strongly differs inside and outside the disk. The inset
within the graph represents an XPEEM map of the C 1s
emission and demonstrates well the accumulation of carbon
inside the irradiated area. Within the disk, the C 1s emission is
peaked at 284.9 eV, confirming the graphitic nature of the
adlayer.®” In fact, the line shape and peak intensity (we
estimate a coverage of 0.77 eMLgr) compares well with what
we recorded for CVD-grown ML graphene supported on
ultrathin Co/Re(0001) (also shown in the figure). Outside the
disk, the C 1s emission is considerably weaker, indicating that a
much smaller amount of carbon is adsorbed on the surface,
about 0.08 eML,.. The C s peak is here centered at 283.5 eV,
fingerprint of carbide formation. This signal likely originates
from residual CO adsorption and subsequent dissociation
upon soft X-ray irradiation. Remarkably, no emission from the
O 1s core level was detected inside or outside the irradiated
area (not shown in the figure), suggesting that any residual
adsorbed oxygen reacts with carbon during thermal treatment.
The graphitic nature of the adlayer is demonstrated by the y-
ARPES data shown in Figure 4d and also confirmed by LEED.
Both measurements indicate the formation of a rotationally
incoherent graphene layer. Even if broadened, the 7 band of
carbon is clearly visible in the momentum distribution curves,
permitting us to estimate a Dirac energy close to 2.6 eV, which
is in good agreement with literature data for single-layer

epitaxial graphene on Co(0001)*” and the closely related
system of graphene on Ni(111).*
The magnetic state of the surface was investigated using

XMCD-PEEM at the Co L; edge. Figure Sab shows XMCD-
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Figure 5. (a) Co L; edge XMCD-PEEM image of the same surface
region shown in Figure 4a. The irradiated disk exhibits a stripe
pattern, indicating out-of-plane MA. (b) Magnified image of the
region highlighted by the white dashed square in (a). As can be seen,
the image contrast increases at the walls between domains with
opposite magnetization. The red arrow represents the direction of the
photon beam; the other symbols indicate the orientation of the
magnetization vector. (c) Cross-sectional intensity profiles taken
along the blue and orange lines in (a). The blue curve illustrates the
increase in dichroic contrast at the domain wall. The small black and
white arrows mimic the orientation of the magnetization vector across
the Neél-type domain wall. Chirality is right-handed. The orange
contour exemplifies the larger image contrast that is observed in the
regions exhibiting in-plane MA.

PEEM images of the same structure shown in Figure 4a. Here,
the contrast is purely magnetic and reveals a stripe pattern
inside the irradiated area, confirming the enhancement of out-
of-plane MA already observed at low carbon coverage. The
bright and dark gray regions correspond to domains with the
magnetization pointing up and down from the film plane,
respectively, as indicated by the symbols. The domain width
has increased by a factor of about 3 compared to the case of
low CO doses, suggesting that the magnetic state is slightly
more distant from the SRT critical point.”” Note also that the
out-of-plane domains are separated by narrow regions where
the contrast is enhanced (pointed by arrows in the figure).
This feature is well evidenced by the intensity profile shown in
Figure Sc. Such increase in dichroic contrast occurs solely
when the domain walls are oriented at 90° from the X-ray
beam. This means that the magnetization is aligned in-plane
along the propagation direction of the photon beam, but
perpendicular to the domain wall surface. As can be deduced
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from the arrows positioned in the top panel of Figure Sc, the
walls are of Neél type. Also, we observe that the magnetic
contrast in the domain wall is dictated by the orientation of the
out-of-plane domains, that is, the domain walls are chiral. The
observation of chirality reflects the occurrence of asymmetric
DMI at the two interfaces of the film, a configuration that is
known to occur in ternary superlattices””>" and MgO/Co/Pt
stacks. We note that the domain walls observed in graphene/
Co/Re exhibit opposite chirality with respect to those seen in
MgO/Co/Pt,>* which most likely points to the characteristics
of the interaction with the different heavy metals. Nonetheless,
graphene may have a crucial role in regulating the DMI, as has
been recently proposed for graphene on Co/Ru.'®

To further investigate the magnetic properties of the
graphene-coated Co, laterally resolved XMCD spectra were
acquired for out-of-plane domains with opposite magnet-
ization. The computation of the magnetic circular dichroism
sum rules (see section S3 in the Supporting Information)
permitted us to estimate the spin and orbital moments, gy,
and p,y, respectively, for which we found values of 1.7 and
0.16 pp/atom and the ratio pop/Hepin = 0.095. Our results are
in excellent agreement with literature data for bulk hcp
cobalt,®® suggesting that the graphitic overlayer does not affect
the atomic-scale magnetism of Co. Hence, we exclude the
formation of a nonmagnetic Co topmost layer, consistent with
previous reports for CO-covered Co films.”” In the present
case, the PMA is most probably connected to electronic effects
on the topmost Co layer after the chemisorption of atomic
carbon. This interpretation is supported by previous work on
the CO/Co/Pd(111) system, the occupation of specific
adsorption sites being related to the occurrence of an in-
plane to out-of-plane SRT in Co.”**® Graphene and varied
carbon-based molecules can affect the MA of intercalated
ferromagnetic layers in a similar manner.”*> In particular,
graphene is known to stabilize out-of-plane magnetization in
Co films on Ir(111) up to a thickness of 25 A. Related to this,
ab initio calculations demonstrate that this PMA enhancement
is originated by the hybridization between Co d; and dIvz
orbitals, which is in turn induced by carbonp states.”
Magneto-elastic effects are instead to be excluded, based on
previous investigations on ultrathin Co films covered by
adsorbates””” or capped by noble metals.*® Clearly, our
magnetic patterning method modifies the film magnetic state
by forming chemical bonds at its vacuum interface. The film
MA is thus controlled through interfacial effects, whereas the
bulk remains structurally unaffected. This is a pronounced
difference with ion irradiation patterning techniques, where the
ions induce structural (e.g., disorder or a phase transition) or
chemical transformations at much larger depths in the
magnetic medium.

5. CONCLUSIONS

In conclusion, electron-stimulated dissociation of CO was
employed to graft chemomagnetic micropatterns with sharp
edges (~30 nm) in hcp cobalt films with thickness in the range
4—5 AL. These patterns exhibit a C-rich surface and were
found to induce PMA in the cobalt support, which has
otherwise in-plane MA. The wavelength of out-of-plane striped
magnetic domains was found to increase with the increasing
amount of carbon deposited on the surface. Essentially, our
method adds lateral control on the SRT process, enabling to
write patterns of arbitrary shape. Thus, one can aim at spatially
confining the magnetization direction by simply controlling the

amount of carbon that is deposited on the surface. Related to
this, our results suggest that the interpretation of the early e-
beam patterning experiments should be reconsidered, taking
into account the effects of beam-induced dissociation of
adspecies containing carbon.

Most importantly, we demonstrated that prolonged e-beam
irradiation in CO ambient results in the accumulation of the
ML amount of carbon on the surface, which can be converted
to graphene upon subsequent annealing at 380 °C. We
envisage several applications of our method in fundamental
studies on magnetism. For instance, one can fabricate artificial
heterostacks comprising different ferromagnetic layers, where
the ma%netic coupling is tuned by an interposed graphene
spacer.’” Further work is clearly necessary to optimize
conditions to grow atomically flat FM layers on graphene.
Very promising results have already been produced in pulsed
laser deposition experiments, which demonstrated close to
perfect layer-by-layer growth for Co on graphene in the
thickness range 3—5 AL>® As a first step in this direction, we
focused here on graphene on ultrathin Co on Re, which we
consider a prototypical building block for the fabrication of
more complex stacks. We found that graphene enhances PMA
in cobalt and, most interestingly, that the walls separating out-
of-plane domains are chiral of Neél type. This suggests that
skyrmions can be nucleated and stabilized in the Co film under
appropriate conditions. In this respect, the lithographic
capabilities of our method are particularly appealing, as they
permit to exploit confinement effects without destroying the
lateral continuity of the Co film.

As a final point, we note that extreme ultraviolet radiation or
soft X-rays can be used in place of electrons because CO
molecular dissociation is also stimulated by photons. The use
of masks or advanced e-beam lithography methods®” can
further improve the lateral resolution as well as the printing
speed, adding versatility and true scalability to the printing
protocol.

6. METHODS SECTION

6.1. Spectroscopic Photoemission and LEEM. All experiments
hereby described were carried out with the SPELEEM (ELMITEC
GmbH) at the "Nanospectroscopy” beamline of the Elettra storage
ring in Trieste (Italy). In the LEEM operation of the microscope, the
specimen is illuminated with a microfocused, collimated electron
beam emitted by an LaB4 cathode. The beam diameter on sample is
about 80 ym. The beam energy, varied in the range 0—750 eV, is
regulated by applying a bias voltage (start voltage V) to the sample.
Imaging is possible in either real or reciprocal space, with three
illumination apertures permitting to restrict the e-beam footprint to a
diameter of $ ym, 1 um, or 500 nm. When the beamline X-rays are
used, the SPELEEM can implement laterally resolved versions of X-
ray absorption spectroscopy and related methods, namely, XMCD-
PEEM. Thanks to a bandpass energy filter, the SPELEEM also allows
spectral imaging measurements (XPEEM), reaching lateral resolution
below 30 nm and energy resolution of about 300 meV. Microprobe
photoemission spectroscopy (e.g., #-XPS) operation is also possible,
which enables fast acquisition and energy resolution as good as ~110
meV."” These measurements are restricted to an area of about 2 ym
in diameter. Depending on the flux available, the BEs were referenced
to the Fermi level or the Re 4f core-level emission from the bulk
metal.

6.2. XMCD-PEEM. XMCD is based on the dependence of the X-
ray absorption intensity on the relative orientation of the magnet-
ization and the X-ray polarization. In X-ray microscopy, this effect is
used to image magnetic domains in thin ferromagnetic layers and
nanostructures.”’ The XMCD image intensity was calculated using
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ﬁ, where I_ and I, represent the
pixel intensities of the PEEM images acquired with negative and
positive helicities of the photon beam. The image contrast is
maximum when the photon helicity and the magnetization directions
are parallel and anti-parallel. Because of the grazing incidence of the
photon beam at an angle of 16° with respect to the surface plane, the
dichroic contrast recorded for in-plane magnetization is up to about
3.5 times larger than for the case of out-of-plane magnetization.

6.3. Sample Preparation. The Re(0001) single crystal (Surface
Preparation Labs) was cleaned by Ar* sputtering at 2 kV followed by
repeated temperature cycling between 400 and 800 °C at an oxygen
pressure of 2 X 107¢ mbar. After the treatment, residual oxygen was
desorbed with a flash to 1700 °C in UHV. Before experiments, no
impurities could be detected in XPS. y-LEED on a single terrace
showed a sharp (1 X 1) pattern with threefold symmetry. No evidence
of oxygen-related half-order spots was seen, even diffuse ones. LEEM
showed uniform contrast across terraces and no evidence of islanding,
thus excluding the presence of contaminants.

6.4. Co Growth. All experiments were carried out at a base
pressure of less than 1.5 X 107'° mbar. Co was dosed using a
commercial e-beam evaporator (Omicron Focus EMF3), sublimated
from high-purity rods (Goodfellow Ltd) at a maximum deposition
rate of about 0.1 ML/min. The specimen temperature was measured
using a C-type thermocouple (WgsRe,—~W,,Re,4), spot-welded on the
Mo ring supporting the sample. The first Co layer was deposited at
350 °C, which warrants step-flow growth conditions. In this manner,
defect-free pseudomorphic Co MLs could be obtained. To achieve a
uniform thickness of the Co film as well as prevent alloying with the
Re substrate, the following layers were grown at room temperature,
which results in the development of the 10 X 10 moiré structure,
indicating the relaxation of the lattice constant to the bulk value.*®
Postgrowth annealing at 250 °C was carried out to reduce surface
roughness. LEEM measurements in the dark-field mode demonstrated
that, after thermal treatment, Co retains the hcp structare.””*°

the following algebra: Iyyicp =
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