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ABSTRACT: The irradiation with photons or electrons can
dramatically influence the chemical stability of a molecule,
either free or adsorbed on a surface, inducing its
fragmentation or desorption. We revisit here the exostimu-
lated dissociation of CO, a prototypical case, choosing hcp
thin cobalt films as model support. Intense, microfocused soft
X-rays or electron beams are used to locally stimulate CO
dissociation. Fast-XPS gives direct access to the adsorbates’
chemical state and coverage during irradiation, enabling the
kinetics of the process to be monitored in real time. The
energy-dependent cross sections for photon and electron
stimulated molecular dissociation and desorption are
estimated for a fixed initial CO coverage of 1/3 ML. In the soft X-ray regime, the desorption channel always prevails over
dissociation and is significantly enhanced above the O K edge. The relative dissociation probability increases steadily with
increasing photon energy, reaching 30% at 780 eV. Furthermore, we show that low energy electrons in the range 50 to 200 eV
dissociate CO more efficiently than X-rays. The prolonged irradiation of the Co surface in CO ambient is found to produce a
continuous increase of the carbon coverage, initially promoting the formation of carbides and subsequently accumulating sp2

carbon on the surface. Far from being a detrimental effect, the CO stimulated dissociation can be exploited to lithographically
graft carbon-rich microscopic patterns on Co, with resolution well into the nanometer scale. A brief thermal treatment following
irradiation results in the formation of a graphitic carbon overlayer, which effectively protects Co from oxidation upon exposure
to ambient conditions, preserving its out-of-plane magnetic anisotropy and domain configuration.

■ INTRODUCTION

The interaction of photons and electrons with molecules is key
to many basic processes occurring at surfaces and in the gas
phase. In fact, the intramolecular electronic excitations
resulting from the absorption of a particle may trigger reaction
pathways that are not available thermally and are of
tremendous importance to varied fields, e.g. atmospheric
chemistry1 and photosynthesis to mention just a few.2 Some
classes of materials, such as oxides and organics, are known to
be extremely sensitive to beam irradiation, which can cause
dramatic variations in surface local order and stoichiometry,3,4

eventually undermining the chemical stability of the com-
pound. Molecular fragmentation and surface damage are
frequently observed when intense X-rays beams are used.5 At
synchrotrons, the photon stimulated cracking of residual gas
molecules is commonplace and causes the formation of a
graphitic coating on X-ray mirrors, deteriorating their perform-
ance.6

Electron- and photon-stimulated processes are also at the
basis of several lithographic techniques used in nanosciences.7,8

Typically, these methods operate by removing material using
focused beams. The most advanced approaches combine the
irradiation of a resist with chemical etching, an approach which
nowadays warrants lateral resolution nearing a nanometer.9

Structures with arbitrary shape and size-dependent properties
are routinely sculptured in thin films and multilayers, with
important applications in nanomagnetism.10−12 Notably,
electron and photon lithographies can also work additively,
that is, they can controllably deposit atomic species on
surfaces. Focused electron and X-ray beam induced processing
methods (FEBIP and FXBIP) can locally deposit atoms
through the stimulated fragmentation of suitable molecular
species delivered from the gas phase.13 Compared to electrons,
X-rays offer the advantage of an enhanced selectivity in the
excitation of molecular ligands. The FEBIP and FXBIP
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techniques can easily deposit carbonaceous layers, which is
most commonly achieved by dissociating hydrocarbons.
Notably, the deposition of metallic heterostructures is also
possible. The fabrication of Mn and Co nanostructures upon
irradiation of metal−carbonyl precursors has been recently
demonstrated.14

Indeed, the possibility to deposit atomically thin layers of
carbon is appealing to many research fields. Artificially
fabricated materials comprising graphitic spacing layers are
currently attracting scientific and technological interest,
because they offer tunable physical properties.15 Related to
this, we previously reported on a noninvasive lithographic
method that uses microfocused low energy electron beams to
graft chemo-magnetic patterns through the stimulated
dissociation of carbon monoxide.16 A proof-of-principle of
this method was given for ultrathin Co on Re(0001). The CO
dissociation was found to produce accumulation of carbidic
and graphitic species on the surface, inducing at the same time
an in-plane to out-of-plane spin reorientation transition in
cobalt. Quite interestingly, graphitic overlayers could be
obtained upon prolonged irradiation and subsequent anneal-
ing, markedly enhancing the perpendicular magnetic aniso-
tropy of the underlying Co. Further, these Co films were found
to exhibit magnetic properties suitable for skyrmionic
applications.17 We underline that the choice of studying CO
is functional to the capability of grafting chemical patterns on
cobalt. Clearly, CO is a rather inefficient precursor, as it can
deliver only one carbon atom per adsorbed molecule. On the
other hand, molecular CO can be easily desorbed from cobalt
upon mild annealing above 420 K, thus recovering the clean
surface in the nonirradiated regions. Notably, one of the
simplest hydrocarbons, ethylene, dissociates thermally, thus
impeding to graft patterns.
Even though photon and electron stimulated CO dissoci-

ation processes (PSD and ESD, respectively) have been
thoroughly studied on a variety of crystalline supports,18−22

cobalt is still a relatively unexplored territory. The current
study was carried out with synchrotron-based photoemission
electron microscopy. In our setup, the specimen is illuminated
with a microfocused soft X-ray beam, enabling fast X-ray
photoemission spectroscopy23 (fast-XPS) measurements. At
variance with a large part of previous work on ESD, we could
monitor directly and in-real time the evolution of the adlayer
coverage and chemical state, without inferring it from the
detection of the fragments emitted upon molecular dissocia-
tion. The determination of the carbon and oxygen absolute
coverages was thus possible, permitting us to quantitatively
evaluate the energy-dependent dissociation and desorption
cross sections of CO for a wide energy range of the incoming
radiation. Since our setup can operate as a low energy electron
microscope (LEEM), we were also able to perform irradiation
experiments with electrons and provide estimates for the ESD
process. In addition to the characterization of ESD and PSD,
we present here an application of ESD of CO, that is, the
fabrication of a protective graphitic overlayer on cobalt. This
coating is shown to prevent oxidation of the Co film and
preserve its magnetic properties under ambient conditions.

■ EXPERIMENTAL SECTION
Spectromicroscopy Setup. All experiments were carried

out with the spectroscopic photoemission and low energy
electron microscope24 (SPELEEM III, Elmitec GmbH) at the
undulator beamline “Nanospectroscopy” of the Elettra storage

ring in Trieste, Italy. The SPELEEM uses either elastically
backscattered electrons or photoemitted electrons to image
surfaces, combining low energy electron microscopy (LEEM)
and X-ray photoemission electron microscopy (XPEEM)
within a single instrument. The microscope is capable of real
space and diffraction imaging, providing a wealth of
complementary methods with structural, chemical and
magnetic sensitivity. The SPELEEM design concept and
applications have been repeatedly described in the liter-
ature.25,26

When operating the microscope as a LEEM, the specimen is
probed with a collimated electron beam generated by a LaB6
emitter; the electron beam footprint illuminates an area of
approximately 80 μm in diameter on the sample. The electron
kinetic energy Ek is regulated by applying a voltage bias to the
sample stage, referred to as start voltage. The LaB6 gun delivers
emission currents typically permitting exposures of few
hundreds of milliseconds at a field of view of 4 μm. The
SPELEEM reaches its best lateral resolution, about 8 nm, in
LEEM mode.27

In XPEEM operation mode, the microscope uses the
photoemitted electrons for imaging. The sample is illuminated
by the beamline soft X-rays, which are focused into a
microspot (minimum size on the surface is 2 μm × 20 μm
in the vertical and horizontal directions, respectively). The
SPELEEM is equipped with a hemispherical energy analyzer
and can perform laterally resolved X-ray photoemission
spectroscopy (XPS) measurements. The reported values for
the microscope lateral and energy resolution in the imaging
mode are 30 nm and 300 meV, respectively.27 A further
operation mode of the SPELEEM is microspot spectroscopy
(μ-XPS). Extensively used in the present work, μ-XPS enables
fast acquisition (down to 500 ms) and energy resolution as
good as 110 meV.27 The probed sample area is chosen by
positioning suitable field limiting apertures in the first image
plane along the imaging column of the microscope. To this
purpose, two apertures with diameters of 20 and 2 μm are
available. In this work, the binding energies in XPS were
referenced to the Re 4f core level emission from the bulk
metal.
The irradiation experiments hereby reported either utilized

the LaB6 electron gun or synchrotron soft X-rays. All e-beam
experiments were carried out at flux density of 1.27 × 1016 e−

cm−2 s−1. Illumination apertures producing circularly shaped
spots with diameter of 5 μm, 1 μm, and 500 nm were inserted
in the optical path of the microscope to reduce the e-beam
footprint on sample. The same apertures were also used to
perform microprobe low energy electron diffraction (μ-LEED)
measurements.
The photon stimulated processes were studied by varying

the photon energy in the range from 150 to 780 eV. The
photon doses were determined by measuring the photocurrent
in a X-ray diode (IRD AUX100) inserted between the
specimen and the last optical element of the beamline. The
estimate of the number of photons within the probing area
(diameter 2 μm) is based on geometrical considerations of the
X-ray beam 2D profile (Gaussian, with full width at height
maximum of 25 μm × 2 μm in the condition of the
experiment), giving ≈13% of the total measured photon flux
on sample.

Sample Preparation. The Re(0001) single crystal (Sur-
face Preparation Lab) was cleaned by repeated cycles of Ar+

sputtering at 2 kV followed by temperature cycling between
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900 and 1300 K at an oxygen partial pressure of 2 × 10−6

mbar. After the treatment and immediately prior to Co
deposition, the residual oxygen was desorbed by flash
annealing the Re sample to about 2000 K in UHV.
Co (purity 99.99+%) was deposited on the clean Re surface

in the SPELEEM main chamber at a base pressure pressure
lower than 2 × 10−10 mbar using a commercial e-beam
evaporator (Focus EFM3). The first Co layer was deposited at
a temperature of about 670 K. Under these conditions, Co
organizes in a monolayer step flow growth front, which is
pseudomorphic (ps) to the substrate. After the completion of
the full ps layer, the Co film relaxes to its bulk lattice constant,
manifested by the appearance of a (10 × 10) moire ́ structure in
LEED. The Co deposition was interrupted just before the
nucleation of the second layer and resumed at room
temperature, until a total dose of 4 Co atomic layers (AL)
was delivered. A post annealing treatment at 500 K was then
performed in order to increase the crystalline quality of the
film. Dark-field LEEM and μ-LEED measurements showed
that Co retains its hcp structure, in agreement with the
literature.28

Carbon monoxide was dosed through a precision leak valve
at partial pressures below 5 × 10−8 mbar and at about 300 K.
On Co(0001), room temperature CO adsorption gives origin
to the well-known (√3 × √3)R30° structure, corresponding
to a surface coverage of 1/3 eMLCo. The molecule is adsorbed
on atop sites, with the carbon atom directly bound to the
cobalt.29 By monitoring the CO uptake using μ-LEED at video
imaging rate, we could achieve a very precise control on the
development of the (√3 × √3)R30° structure, which we
found to saturate at a dose of 3.0 L.
Molecularly adsorbed CO desorbs thermally at T > 420 K,

while dissociatively adsorbed species remain on the surface up
to much higher temperatures (T > 600 K).30 As verified by

monitoring the C 1s core level emission, 1/3 eMLCo of CO
readily desorbs upon annealing to 450 K, leaving only few
percent of a ML of carbon on the surface.16 This value is
consistent with previous experiments on polycrystalline
samples at room temperature and low CO partial pressure.30

Such low reactivity is explained by the high value of the CO
dissociation free energy on terraces, leaving the steps as the
most likely candidates for spontaneous dissociation.31−34

■ PHOTON STIMULATED DESORPTION AND
DISSOCIATION

We report here on the surface chemistry occurring during the
irradiation of CO with a microfocused soft X-ray beam. We
will present two distinct irradiation experiments: in the first, we
monitor the time evolution of the (√3 × √3)R30°-CO
structure under UHV conditions, established immediately after
dosing CO. In the second, the CO uptake is studied during
photon irradiation. In both experiments, the adlayer chemical
state and coverage are monitored in real-time using μ-XPS.
Before each measurement, a fresh, previously nonirradiated
part of the sample was positioned under the microscope
observation point for irradiation and characterization with X-
rays.

Irradiation of the (√3 × √3)R30°-CO Structure in
UHV. Figure 1 shows the evolution of the C 1s photoemission
spectrum for the (√3 × √3)R30°-CO structure during
irradiation with 550 eV photons in UHV. The irradiation
exactly started with the acquisition of the third C 1s spectrum.
The full series of spectra, displayed in Figure 1a, shows two
distinct components ascribed to the coexistence of different C
species according to their binding energies (BE): the peak at
286 eV BE corresponds to molecularly adsorbed CO,35 while
the peak at 283.4 eV BE to carbides.36 No graphitic species
could be detected in this experiment. The time evolution of the

Figure 1. (a) Set of spectra representing the evolution of the C 1s spectrum of the Co(0001) precovered with 1
3
eMLCo upon irradiation with 550

eV photons. The irradiation started at t0 = 1 s (third spectrum); time is plotted on the left axis. Estimated photon flux density: 2.5 × 1012 ph s−1

cm−2. (b) Time evolution of the carbidic (red), molecularly adsorbed CO (blue) C 1s components, and total C 1s intensity (black). The solid lines
modeling the experimental data were obtained using the kinetic model presented in the main text using the following parameters as input:

attenuation of the C 1s emission from molecular CO = 0.29; 3P
P

des

diss
= ; Pdes suppression factor in the locally intact (√3 × √3)R30° structure =

0.001. The dashed blue line represents a simple first order process.
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integrated intensity of each component as well as their sum
(corresponding to the total C 1s signal) are plotted in Figure
1b.
A closer look at Figure 1b shows small but important

discrepancies between the experimental data and the
exponential fit modeling first-order reaction kinetics. As a
first point, we note that in the initial phases of irradiation, (in
the time range from 1 to 10 s), the molecular component
undergoes a transition between slow to fast kinetics, suggesting
the existence of distinct decay trends with different temporal
dependencies. The same behavior was observed in LEED while
monitoring the intensity of the (√3 × √3)R30° spots during
X-ray irradiation (same flux density and energy as in Figure 1).
We exclude that the changes in the CO decay rate depend on
the illumination conditions, which stabilize on a much shorter
time scale than the acquisition time. This confirms that the
slow decay is not an artifact but a characteristic behavior of
both PSD and ESD for the chosen initial CO coverage.
As a second point, we note that the total C 1s signal rises

slightly with time, in spite of the fact that the carbon coverage
cannot increase. This feature is common to all data sets
probing the C 1s core level for different photon energies. Note
that, above 600 eV also the O 1s signal can be probed; As
opposed to the case of the C 1s emission, the total O 1s signal
does not increase over time under the same irradiation
conditions. We can safely exclude any possible carbon build-up
due to the adsorption of residual gases over the measurement
time. In fact, under UHV conditions, the clean Co(0001)
surface shows no detectable C contamination on much longer
time scales.
This behavior is explained by the upright adsorption

configuration of CO, where C is bonded to the surface and
O stays on top. This geometry determines the attenuation of
the core level emission from C. The continuous curves
superposed on the experimental data in Figure 1b were
simulated taking into account the effective attenuation of
photoelectons and time-dependent cross sections. The details
of this calculation will be illustrated below, in a separate
section.
CO Uptake upon Soft X-ray Irradiation. The CO uptake

experiment was performed starting from the clean Co surface.
Fast-XPS was used to monitor the adspecies state and coverage
while dosing CO at a partial pressure of 5 × 10−9 mbar. The
evolution of the C 1s emission is shown in Figure 2a. Spectra
acquired at CO doses of 2.5 and 11.0 L are displayed in Figure
2b, along with the Doniach-Šunjic ́ fits to the experimental data.
As can be seen, the spectra exhibit two components: we ascribe
the dominant peak at 283.4 eV to carbidic species;36 a second,
smaller component at BE of 284.2 eV can be assigned to CC
(sp2) fragments bound to carbides.36 The absence of emission
at 286 eV BE reveals that there is no adsorbed CO under these
conditions.
In Figure 2c, the integrated intensities of the carbidic and

graphitic components are plotted together with their sum, as a
function of the CO dose. We see that the total C 1s intensity
increases almost linearly with the dose and well above the value
expected for the (√3 × √3)R30° structure (1/3 eMLCo).
Thus, under a constant gas supply, the photon irradiation
causes the continuous accumulation of C on the surface.
The question arises whether also the oxygen coverage

increases steadily for large CO doses, resulting in the oxidation
of the metallic substrate. To investigate this, we followed the O
1s emission while repeating the CO uptake experiment on a

freshly prepared Co film. Figure 3a illustrates the time
evolution of the O 1s spectra upon irradiation at partial CO

pressure of 2 × 10−8 mbar. The main emission is peaked at BE
of 529.4 eV, indicating the chemisorption of atomic oxygen
and the formation of Co−O bonds.37,38 No emission from
molecularly adsorbed CO (BE of 531.9 eV) can be detected.
In Figure 3b, the total O 1s intensity is plotted as a function

of CO dose (bottom axis). As can be seen, the O 1s signal
exhibits a maximum for a CO dose of about 2.5 L. After this
initial sharp rise, it slowly decreases. In order to understand
this decay, we modeled the evolution of the O 1s signal. The
red dotted curve in Figure 3b corresponds to the case in which

Figure 2. (a) Time evolution of the C 1s spectrum of a Co film with
homogeneous thickness of 4 AL during irradiation with 650 eV X-rays
at room temperature in PCO = 5 × 10−9 mbar. (b) Selected C 1s
spectra from (a) at CO doses of 2.5 L (bottom) and 11 L (top). The
component at 283.4 eV (dark green) is ascribed to cobalt carbides,
the one at 284.2 eV (red) to graphitic C. (c) Plot of the intensity of
the carbidic (black) and graphitic (red) components versus the
increasing CO dose, along with their sum (cyan). The estimated C
adlayer coverage expressed in eMLgr is marked by dashed lines at
particular CO doses.

Figure 3. (a) Time evolution of the O 1s spectra of a 4 AL thick Co
film during irradiation with 650 eV X-rays upon CO dosing (PCO = 2
× 10−8 mbar). The BE of 529.4 eV indicates formation of Co−O
bonds, see text. (b) Total O 1s core level emission intensity (black
curve) as a function of the CO dose in L. The colored curves
model the O 1s core level emission intensity for the cases of
continuous oxygen accumulation (red dotted line) and no further
oxygen adsorption above the dose of 2.5 L (blue dashed line).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b09043
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.jpcc.8b09043


oxygen and carbon accumulate on the surface at the same rate.
The blue dashed curve was calculated assuming that, at CO
doses higher than 2.5 L, atomic oxygen does not stick to the
surface and taking into account the signal attenuation from the
overgrowing carbon layer, which was computed from the data
shown in Figure 2. The good agreement with the experimental
data indicates that, after a relatively small CO dose is delivered,
oxygen atoms cannot chemisorb any longer. We note that
adsorbed oxygen could be also removed from the surface by
recombination with CO, thus forming CO2. Yet the probability
of this process is rather small in the pressure range considered
in this study.
Kinetic Model of the Photon-Stimulated Processes.

Our experiments on the photon−molecule interaction kinetics
were restricted to the well-defined experimental condition of
the (√3 × √3)R30°-CO structure. To ensure reproducibility
of the initial coverage, the clean Co(0001) surface was exposed
to 3.0 L CO prior to irradiation, checking the saturation of the
(√3 × √3)R30° LEED spot intensity. Subsequently, the
adlayer was irradiated in UHV under a stable photon
illumination and flux, without further CO supply. Different
probing methods were needed to cover the photon energy
range between 100 and 780 eV. Below the C 1s threshold we
monitored the decay of the (√3 × √3)R30° spots with
LEED; to prevent e-beam damage, an electron energy of 16.5
eV was used. For photon energies in the range 400 eV up to
650 eV, we probed the C 1s core level emission (data sets
similar to those shown in Figure 1 were collected). Above 650
eV, the O 1s emission was used.
In order to gain insights in the PSD process we developed a

model reproducing the time-dependent variation of the
adspecies coverage. By assuming dissociation and desorption
as independent processes, the instantaneous change in the
adspecies coverage is given by39

N
t

N N( ) ( )CO
diss des CO tot COσ σ σ

∂
∂

= − + = −
(1)

N
t

NC
diss COσ

∂
∂

=
(2)

where NCO and NC are the number of carbon atoms in the
molecular and carbidic phases, respectively; σdiss and σdes are
the dissociation and desorption cross sections and σtot is the
total interaction cross section. Assuming that the cross sections
are constant, eqs 1 and 2 can be integrated, giving the
exponential time-dependencies of the adspecies coverages:

N t N( ) expCO
t

0
/ eff= τ−

(3)

N t N( ) (1 exp )C
diss

tot

t
0

/ eff
σ
σ

= − τ−

(4)

with

eff
diss des

diss des
τ

τ τ
τ τ

=
+ (5)

where τdiss and τdes are the time constants related to the
corresponding cross sections via τdiss,des = (Fσdiss,des)

−1 where F
is the radiation flux density.20,39 N0 is the initial CO coverage,
that is, 1/3 eMLCo; τef f is the effective time constant for the
beam-molecule interaction, which depends on the radiation
flux and the total interaction cross section σtot through a similar
relation, τef f = (Fσtot)

−1. Note that, eqs 4 and 5 show an
exponential time dependence with a single time constant (τef f).

Therefore, in order to account for the nonexponential behavior
in Figure1b, a time-dependent interaction cross section has to
be introduced.
Along these lines, we modeled the experimental data using

the following relevant physical quantities as input for the
simulation: the attenuation of the C 1s emission due to the
oxygen atom above, a time-dependent CO desorption
probability and a constant dissociation probability. To mimic
the (√3 × √3)R30°-CO adlayer we used a hexagonal lattice
comprising 200 adsorption sites where the X-ray photons land
in random positions. When impinging on a CO molecule,
photons can either stimulate its dissociation or desorption,
which occur with the probabilities Pdiss and Pdes, respectively.
The time-dependence of the desorption probability was
accounted for by evaluating the presence or absence of
dissociated CO around the molecule absorbing the photon. In
particular, when all (√3 × √3)R30° neighbors are still
molecularly adsorbed, the desorption probability is suppressed
by a constant factor. In all other cases (at least one neighboring
CO is missing), the suppression factor is omitted. Suppression
factors lower than 0.01 reproduced well the kinetic regimes
observed experimentally.
Figure 1b shows a comparison between the simulation and

the experimental data for a photon energy of 550 eV. In the
initial stages of the irradiation, the process is dominated by
molecular dissociation. At the later stages, the desorption is
found to be 2.6 times more probable than dissociation. Overall,
70% of the CO molecules desorbs, whereas the remaining part
undergoes dissociation.
Notably, our model reveals that the C 1s signal from the CO

molecule is attenuated by ≈29% at hν = 550 eV. To test this
result, an independent estimate of the attenuation coefficient of
the C 1s emission was carried out. The ratio of the intensities
of the C 1s emission for the (√3 × √3)R30° structure and
single layer graphene on Co(0001) was evaluated and
compared to the ratio of the nominal coverages, estimating
the attenuation coefficient. Our estimate turned out to be
≈30% at photon energy of hν = 550 eV, in excellent agreement
with the result found in our simulation. Evaluation of the
unattenuated C 1s intensity provides direct access to the
fraction of CO that has dissociated, from which the
dissociation and desorption cross sections can be computed,
as will be shown in the next section.
The simple kinetic model we developed highlights that the

desorption and dissociation processes depend on the local
environment around the CO molecule. The physical basis for
such an effect can be found in the increasing coverage of
carbidic species.40 Their presence likely weakens the CO-
substrate bond, leading to an increased CO-metal distance,
which enhances stimulated desorption.18 We underline that
here we have considered only a single coverage, namely 1/3
eMLCo of CO. This reasoning can be safely extended to CO
coverages lower than 1/3 eMLCo. Thus, we expect that the
desorption process will likely follow a similar evolution for the
majority of cases considered in this work.

■ ELECTRON STIMULATED DESORPTION AND
DISSOCIATION

Differently from the case of photon irradiation, the ESD
process cannot be directly monitored by XPS without further
modifying the surface. Indeed, μ-LEED can follow the decay of
the (√3 × √3)R30° superstructure, unveiling the kinetics of
desorption and dissociation. However, this method does not
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allow one to discriminate between the two channels.
Therefore, we had to use another experimental approach.
This was done by patterning the cobalt surface (precovered
with 1/3 eMLCo of CO) at different electron energies (in the
range 30 to 200 eV) and irradiation doses. The carbon
coverage was subsequently quantified using X-PEEM spectral
imaging.
The key steps of patterning procedure are illustrated in parts

a and b of Figure 4. In the first step, the CO overlayer is

irradiated at room temperature in UHV with the focused
electron beam of our LEEM microscope. The footprint of the
e-beam on the surface is reduced by illumination apertures of
appropriate size. Thus, molecular dissociation and carbon
accumulation occur only locally, inside a region measuring only
few square microns. In the second step, a mild annealing
treatment above the CO desorption temperature is carried out,
recovering the clean surface in the nonirradiated areas. This
procedure exploits the large difference in thermal desorption
temperature of molecular CO and the dissociated carbon
species. Whereas molecular CO desorbs at about 420 K,30 the
dissociated species are stable up to temperatures several
hundred degrees higher.
Figure 4c shows the C 1s XPEEM image of a pattern

comprising five micrometer-sized disk-shaped structures
produced upon e-beam irradiation of the CO precovered
surface. The laterally resolved C 1s spectrum measured at all
spots is peaked at 283.4 eV (not shown in the figure),

indicating that the ESD process results in carbide formation at
low CO coverages, similarly to the case of PSD. Outside of the
disks, we could detect a very weak C 1s signal, confirming that
the thermal treatment removes most of the CO from the
surface. As shown quantitatively in Figure 4d, the overall
intensity of C 1s peak correlates with the electron dose and
follows the expected exponential dependence on time (see eq
3). The exponential fit of the experimental data allowed us to
estimate of value of τef f, which depends on the radiation flux
and the total interaction cross section σtot. As discussed earlier,
the absolute coverage of the carbon adspecies (normalized to
the spectrum of single layer graphene on cobalt) was used to
calculate the dissociation and desorption probabilities.

■ DISSOCIATION AND DESORPTION CROSS
SECTIONS

The total cross section of the electron and photon-beam
interactions was estimated through the relation τef f = (Fσtot)

−1

using the experimental data presented in the previous sections.
This requires the additional measurement of the photon and
electron flux density on sample (see the Experimental Section).
We remark that τef f is the time constant of the CO signal decay
after the initial transient.
The percentage of CO molecules that have undergone

dissociation is estimated from the final value of carbon
coverage at the surface and allows us to determine (i) the ratio
between the dissociation and desorption probabilities and (ii)
the corresponding cross sections σdes and σdiss, as part of the
total interaction cross section σtot.
The estimated cross sections are plotted in Figure 5a. As can

be seen, the ESD interaction is about 1 order of magnitude
stronger than the PSD one. Furthermore, the desorption cross
section is always higher than that of dissociation, independent
of the energy or type of incoming radiation. This means that
stimulated desorption is the leading process, while molecular
dissociation is limited to a value of at most 30% at high photon
energies. As can be seen, the ESD cross section increases
monotonically with energy. Instead, the PSD cross section
shows a more complex behavior. These results can be
rationalized as follows. Despite the fact that PSD and ESD
processes are initiated by the same elementary electronic
excitations,41−43 they obey different excitation-deexitation
selection rules, depending on the nature of the exciting
radiation. Consequently, the ESD spectra exhibit weak
thresholds. Instead, the photon induced electronic excitations
have sharp onsets as the photon energy is tuned across the
relevant absorption thresholds. Thus, the PSD spectra display
features that are related to well-defined transitions.42,43

As can be seen in Figure 5b, the PSD desorption probability
is peaked at energies above the O K absorption edge, with an
increase by a factor of 3 with respect to the pre-edge value.
Tuning the photon energy across the Co L3-edge at 778 eV
results in a smaller increase of the desorption cross section.
Above the carbon K edge, the probability of dissociation
increases steadily with increasing photon energy, as a
consequence of the increased number of the accessible
molecular excitation channels. Note, however, that there is
no increase of the dissociation probability at the Co L3-edge.
This suggests that, for the system under study, the primary
photoexcitation within the CO molecule plays the leading role
in the dissociation process, in excellent agreement with
previous studies on other covalently bonded systems.22,44

Figure 4. Patterning procedure by means of electron induced CO
dissociation: (a) e-beam irradiation of the surface precovered with
CO; (b) annealing above CO desorption temperature. (c) C 1s
XPEEM image (hν = 400 eV) of the C-patterned Co(0001) surface.
The image intensity is proportional to the carbon coverage. The disks
were produced by irradiating the CO-covered cobalt surface in UHV
with 50 eV electrons. Irradiation times (from left to right): 30, 60,
120, 180, and 240 s. (d) Total C 1s intensity as obtained from
XPEEM spectral imaging.
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Yet, we observe that this behavior is not general for CO on
metals.45

In line with previous results on similar overlayers on
different metal surfaces,18 we note that PSD and ESD cross
sections found in this work (from 1 × 10−20 to 6 × 10−19 cm2

and from 5 × 10−19 to 5 × 10−18 cm2, respectively) are sensibly
lower than their counterparts in the gas phase, which are
typically in the range of 10−16 cm2 (see refs. 41 and 46). This is
due to the fact that adsorbate−substrate bonds offer many
more de-excitation channels. The electronic exchange between
the molecule and the metal support takes place typically in the
femtosecond regime, occurring on considerably shorter time
scales than the vibrational motion associated with the
dissociation process.18,21,22 In other words, the probability
that the molecule decays back to its ground electronic state
before the dissociation takes place is very high, which results in
the suppression of the PSD cross section.

■ APPLICATIONS
Prolonged electron irradiation in CO ambient provides a
means to accumulate large amounts of C on the surface.16 In
this manner, protective layers can be readily patterned on
surfaces. To prove the effectiveness of these coatings, we
printed a 5 μm C-rich disk on 5 AL Co/Re(0001). This
structure was fabricated by irradiating the surface with 50 eV
electrons while delivering a total CO dose of 2750 L (1 h
at PCO = 1 × 10−6 mbar) at RT, and annealed in UHV to 670
K (5 min). The sample was then exposed to PO2

= 5 × 10−7

mbar at 450 K for 30 min. These conditions reproduce those
used to prepare a CoO buffer on Co(0001).47 Postoxidation,
the sample was flashed at 575 K in UHV, in order to favor the
ordering of the oxide layer. As shown in Figure 6a, the C-
covered area is still visible after the treatment. The LEED
images acquired in the irradiated and nonirradiated areas differ
significantly, see Figure 6b,c. The first exhibits a (10 × 10)
LEED ascribed to the Co/Re moire,́ proving that the Co film
remained metallic underneath the carbon layer. The second
shows a (1 × 1) structure corresponding to a hexagonal lattice
with real space periodicity of about 2.96 Å (see d). This value
is very close to that expected for bulk CoO(111).47,48 Notably,
the LEEM-IV spectrum recorded inside the irradiated area
does not change upon oxidation (see Figure 6e), whereas a
new Bragg peak appears at about 7 eV in the areas exposed to

Figure 5. Total (black) and partial cross sections for CO dissociation and desorption (blue and red, respectively) upon photon and electron
irradiation. (b) Zoom on the PSD data set, with the relevant threshold energies indicated by labels. The error bars take into account the uncertainty
in the determination of initial CO coverage and inhomogeneities in the photon beam illumination.

Figure 6. (a) LEEM image (Ek: 8 eV) of C-patterned Co/Re(0001)
after oxidation (for details see the text). The disk was produced by e-
beam irradiation at PCO = 1 × 10−6 mbar, illuminating the sample
through an aperture producing a 5 μm spot on the surface. (b, c) μ-
LEED (Ek: 40 eV) after oxidation (30 min at PO2

= 5 × 10−7 mbar, T
= 400 K) on the disk and outside, respectively. The first order spots of
Co(0001) are surrounded by orange circles. The Co/Re moire ́
structure is still visible within the disk (inset pointed by the black
arrow), while the surrounding areas show the (1 × 1) CoO(111)
LEED. (d) Comparison of LEED profiles along the direction
indicated by the dashed lines in b,c. The labels indicate the real
space periodicity corresponding to the position of the first order
diffraction spots. (e) LEEM-IV reflectivity curves for the disk
(orange), the oxidized areas (cyan) shown in (a), as well as Co/Re
prior to oxidation (black).
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oxygen, consistent with the large out-of-plane periodicity of the
CoO(111) structure (7.35 vs 4.07 Å for hcp Co).48

The effect on magnetism was assessed in an experiment
carried out on a similarly fabricated sample, which was exposed
to air for about 20 min. The magnetic state of the specimen
was probed with PEEM, acquiring images with opposite
photon helicities at the Co L3 edge. The XMCD-PEEM image
was computed as normalized difference of the intensities, that
is, IXMCD =

I I
I I

−
+

− +

− +
, where I− and I+ are the pixel intensities of the

PEEM images acquired with negative and positive helicities of
the photon beam.49 This method permits one to visualize the
magnetic domains, the image contrast being purely magnetic.
The XMCD-PEEM images comparing the magnetic state of
Co before and after air exposure are shown in parts a and b of
Figure 7. The labels provide information on the magnetic

anisotropy, which was determined in accord to our previous
study on this system.16 Initially, the nonirradiated regions
exhibit in-plane magnetization, as can be deduced from the
large contrast that is observed outside the disk. Inside the
irradiated disk, instead, the magnetization is aligned in the out-
of-plane direction. The magnetic domains with opposite
orientation are arranged in a meander-like pattern. After
exposure to air, this configuration is preserved, proving that
oxygen has not reached Co. Outside of the disk, instead, the
magnetic contrast is completely lost, suggesting antiferromag-
netic ordering (CoO has formed here). These observations
prove the fundamental role of the graphitic overlayer in
retaining the magnetic properties of the Co film.

■ CONCLUSIONS
We thoroughly characterized the interaction of a microfocused
soft X-ray beam with CO adsorbed on the surface of a
Co(0001) thin film. By employing fast-XPS in an XPEEM
microscope, we could directly and quantitatively follow the
evolution of the adlayer composition and chemical state in real
time, providing a full characterization of the chemical
modification induced at the surface.
Photon irradiation was shown to stimulate the desorption

and dissociation of molecularly adsorbed CO, the latter
resulting in the formation of Co carbides. By carrying out

the irradiation in CO ambient, the accumulation of atomic C
on the Co surface was also demonstrated, manifested by the
appearance of graphitic species. At variance to the case of
carbon, oxygen does not accumulate on the surface above a
CO dose of 2.5 L.
A detailed analysis of the kinetics of the coverage of all

adspecies was used to determine the photon-energy dependent
desorption and dissociation cross sections for an initial surface
coverage of 1/3 eMLCo. Importantly, the dissociation cross
section is more than 1 order of magnitude smaller with respect
to the values found in the gas phase, indicating the crucial role
of the substrate in chemical processes involving electronic
excitations.
Finally, we illustrated the usefulness of ESD lithography with

an application in the field of magnetism. Disk-shaped carbon
overlayers were printed on the cobalt, demonstrating a simple
way to locally graphitize the surface avoiding complex, UHV-
unfriendly hydrocarbons as precursors. The overlayer was
shown not only to modify the magnetic anisotropy of the
cobalt film but also to effectively protect it from oxidation in
ambient conditions. The preservation of the magnetic
configuration under the protective coating enables sample
transfer in air, quite a remarkable feature for an ultrathin
magnetic film.
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