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Cobalt nanoclusters on metal-supported Xe monolayers: Influence of the substrate
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The growth dynamics of submonolayer coverages of cobalt during buffer-layer assisted growth on Ag(111)
and Pt(111) substrates is investigated by variable temperature scanning tunneling microscopy in the tempera-
ture range between 80 and 150 K. It is found that attractive cluster-substrate interactions can govern the cluster
formation on the Xe buffer layer if the Xe layer is sufficiently thin. The interpretation of the microscopy results
is supported by x-ray magnetic circular dichroism data which monitor the effect of cluster-substrate interac-
tions on the formation of magnetic moments and magnetic anisotropy of Co nanocluster during the different
stages of growth. Ab initio calculations show that the cluster magnetism is controlled by the interface aniso-
tropy, leading to perpendicular magnetization for Co on Pt(111). Limits of and new potential for nanocluster
fabrication by buffer-layer-assisted growth are discussed.
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I. INTRODUCTION

A fundamental physical understanding of magnetic nano-
structures in contact with a medium is essential from a tech-
nological point of view: the magnetocrystalline anisotropy
energy (MAE) and the superparamagnetic blocking tempera-
ture 7y come to depend not only on the nanostructure mate-
rial itself but also on the electronic and magnetic properties
of the supporting medium and, in particular, on the contact
area between the two. Thus, there is a critical need for ver-
satile synthesis strategies that permit the fabrication of nano-
clusters at surfaces with well-defined magnetic functionality
and with unprecedented control over the cluster size, shape,
size distribution, areal density, and even positional accuracy.

The synthesis of nanoclusters by buffer-layer assisted
growth (BLAG) (Ref. 1) has become an increasingly attrac-
tive strategy to form clusters at surfaces, both for its simplic-
ity and for its potential to be a generic approach to fabricate
clusters of any material, also ordered cluster arrays, on all
kinds of surfaces. Here, a noble-gas layer acts as a buffer
between the substrate and deposited single atoms which self-
assemble on the layer and form nanostructures. The role of
the noble-gas layer is to decouple the cluster material from
the substrate so that the cluster formation is unimpeded by
the substrate. It has been reported in several publications that
the final cluster size and the areal distribution only depend
on the thickness of the Xe buffer layer and the metal cover-
age, thus offering a desirable way to grow “anything on
anything.”%3

Recent experimental and theoretical work has shown,
however, that also BLAG is crucially dependent on many
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experimental parameters and that it is not a “one size fits all”
method to produce clusters. For instance, it has been shown
that in some cases the van der Waals interactions between the
clusters and the substrate can effectively pull the clusters into
the Xe layer.* It was also claimed that at least 60 monolayers
(MLs) of buffer layer is necessary to electronically decouple
the metal clusters from the substrate.’ Finally, wetting of the
nanoclusters by xenon and therefore partial embedding into
the xenon layer has been predicted by molecular-dynamics
simulations.® These results indicate that the cluster formation
is the result of a rather complex interplay between the atoms
from the substrate, the buffer layer, and the deposited atoms,
yet to be understood.

Nanoscale effects on the Co growth due to interactions
with the surrounding material are expected to be of para-
mount importance when the system is reduced to a submono-
layer amount of metal on a very thin rare-gas layer. We have
already demonstrated that indeed, under these conditions, the
morphology of the substrate underneath can be used as a
template to tailor the cluster size and their lateral arrange-
ment on the substrate.”$

In the present paper we investigate the mechanisms driv-
ing the dynamics during BLAG in detail, focusing on the
early stage of cluster formation. The combined use of vari-
able temperature scanning tunneling microscopy (VI-STM)
and x-ray magnetic circular dichroism (XMCD) measure-
ments allows us to monitor directly the growth mechanism of
Co/Xe in case of absorption on two electronically very dif-
ferent metal substrates: Ag(111) and Pt(111). This work
shows how the interface properties determine not only the
morphology but also the magnetic properties of the cluster
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system. The measured magnetic moments and magnetic an-
isotropy are compared to ab initio magnetic calculations of
monolayer, bilayer and trilayer Co epitaxial island systems of
various size deposited on Ag(111) and on Pt(111). Among
other things from this comparison it becomes evident that the
MAE, that emerges upon contact with the surface, is a pure
interface effect. For a detailed description of the sample
preparation and the experimental parameters we refer the
reader to Appendix.

II. CLUSTER GROWTH ON THICK
XENON BUFFER LAYERS

A. Cluster growth and morphology

The morphology of Co clusters formed with com-
paratively thick Xe layers on Ag(111) was studied with VT-
STM. The Xe thickness was controlled by the exposure
of the clean Ag(111) substrates to Xe partial pressures in
UHV at substrate temperatures of 30 K. For determina-
tion of the Xe thickness we used an experimentally estab-
lished estimate, 1 ML Xe=5.5 Langmuir (L), from Ref. 9
(1 L=1 sec 107® Torr). Thus, exposure of the substrate to
50 L resulted in Xe buffer layers of approximately 9 ML
thickness. Cobalt was deposited on the Xe buffer layer at
T=30 K by thermal evaporation from a Co rod. For the
samples in this section 5% of a full epitaxial Co monolayer
have been deposited. STM images were taken at different
temperatures while warming up the sample to room tempera-
ture. In Fig. 1, STM topography images are displayed taken
at temperatures of (a) 100 K, [(b) and (c)] 140 K, [(d) and
(e)] 150 K, and (f) at 300 K, after full Xe desorption. The
images show clearly the desorption of the Xe buffer layer,
and the presence and ripening of Co clusters. In (a) small
clusters of about 1-2 nm diameter can already be resolved on
a rather noisy background. The overall quality of the images
is reduced by the diminished electron tunneling through the
noble gas as well as the weak bonds of the adlayer atoms to
the substrate. However, it is clearly visible how the Xe layer
breaks up into islands surrounding the Co clusters at about
140 K [Figs. 1(b) and 1(c)]. The boundary from a continuous
to an interrupted Xe layer can best be seen at the bottom of
Fig. 1(c). Several hours elapsed between the acquisition of
images (b) and (e). From the images (a)—(e) we conclude that
the desorption of Xe from Ag(111) occurs at temperatures
above 7=100 K and it is especially pronounced in the tem-
perature window between 140 and 150 K. A delay of desorp-
tion of Xe is visible at defects such as substrate steps and Co
clusters. The Xe is completely removed at substrate tempera-
tures above 150 K.

The Xe desorption temperature in bulk is about 55 K.
However, monolayer or bilayer systems of xenon on a metal
surface are thermally more stable due to increased binding
forces.!? It is therefore reasonable to assume that the desorp-
tion of Xe is a two-step process. In a first step at the bulk
desorption temperature, the entire Xe layer desorbs except of
the first and second monolayer that are in direct contact with
the metal substrate. In a second step the residual Xe is re-
moved by warming up the sample to higher temperatures,
which are determined by the intensity of the Xe-substrate
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FIG. 1. (Color online) STM topographies for thick xenon buffer
layers: Cof/thick Xe layer/Ag(111) deposited at 30 K and then an-
nealed to progressively higher temperatures 7, as indicated in the
caption; (d) zoom-in of image (e) together with a line scan over a
Co cluster and a cartoon showing the Co immersed in Xe.

interaction. In the specific case of Xe/Ag(111) the last Xe
layer remains on the surface up to 85-90 K.!' Thus, the
observed desorption temperature of 150 K in presence of Co
nanoclusters is significantly higher than both desorption tem-
peratures of the bulk Xe and of the Xe ML on Ag(111).

In order to get information on the cluster size, a direct
evaluation of volume by height profiles of single clusters in
STM images is not adequate here, for two reasons. First, our
images do not show atomic resolution or atomiclike features
on the clusters and on the substrate, which complicates the
estimate of the tip-convolution effects. Second, in some
cases, for example, in Fig. 1(a), the border between a cluster
and the Xe matrix is undefined. Thus, we preferred to deter-
mine the cluster size from the nominal Co coverage read by
a Quartz Micro-Balance and from the cluster density in STM
images. In this way, we have obtained an increasing average
number of atoms per cluster with temperature of about
20*=5 atoms at 100 K, 40=*=7 atoms at 140 K, and about
50*5 atoms at room temperature. The given error here is
the statistic error found after averaging over several images
of the samples.

At room temperature a broad cluster size distribution is
observed, as seen in Fig. 1(f). The given value of about 50
atoms per cluster is an average value: smaller clusters are
visible in the vicinity of step edges and larger clusters are
located on surface terraces. Step decoration is typically seen
for clusters made by BLAG on weakly interacting surfaces,
such as Ag and Cu, as shown in our previous work.?
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TABLE I. Magnetic properties of 0.05 ML Co/thick Xe layer/
Ag(111) before and after annealing at 100 K. The average magnetic
moments per d-band holes given in units of ug have been calcu-
lated from the saturated XMCD data at 7=8 K using the sum rules
with the magnetic field in plane and polar with respect to the sur-
face normal. The value of the XMCD/XAS ratio at the L; absorp-
tion edge is also indicated.

L (pst+7pa7) XMCD
i " XAS
[-Before annealing at 100 K
In-plane (8 K) - - 0.74 +0.05
Polar (8 K) - - 0.64
II-After annealing at 100 K
In-plane (8 K) 0.08 =0.04 0.46+0.04 0.40
Polar (8 K) 0.07 0.33 0.36
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FIG. 2. (Color online) Magnetic characterization of 0.05 ML
Co/thick Xe layer/Ag(111) [(a) and (b)] before and [(c) and (d)]
after annealing at 100 K; [(a) and (b)] hysteresis curves at 25 and 8
K taken right after Co deposition on the Xe buffer layer; [(c) and
(d)] hysteresis curves at 35 and 8 K taken after annealing the
sample to 100 K with consequent desorption of the bulk Xe, cluster
growth and contact with the substrate. The inset in (c) shows qua-
siremanence measurements at B=5 mT; the full lines in the hyster-
esis plot correspond to a Langevin fit according to Eq. 5 in Ref. 14.
The magnetic moment used in the fits are (a) the Co bulk value and
(b) the calculated values displayed in Table 1. In the latter case,
n,=2.49 (Co bulk value) and uy is derived from the ab initio cal-
culations (Table IIT). The slight asymmetry in the hysteresis curve
in (b) is not a real effect but within the larger error margins for TEY
experiments on the thick (semi-insulating) Xe layer.

B. Magnetism of Co clusters on Ag(111)

Magnetic properties such as spin and orbital moments,
and, in particular, the magnetic anisotropy, are known to be
highly sensitive to cluster size, geometry, and interface ef-
fects. The XMCD technique provides surface sensitive infor-
mation on these magnetic parameters and therefore allows to
extract information on the sample structure. We studied the
magnetic properties of the cobalt clusters during classic
BLAG with 12+ 1 layers of xenon and a cobalt coverage of
0.05 ML. Details about the experimental procedure are given
in the appendix in Sec. VII.

Figure 2 (top) shows hysteresis curves taken shortly after
Co deposition at two different temperatures. The ordinate
shows the ratio of the intensities of the XMCD and the x-ray
absorption spectra (XAS) evaluated at the peak of the L;
edge. To first approximation this ratio is proportional to the
magnetization, XMCD/XAS «M, where M is the average
magnetization of the sample. We find that none of the mag-
netization curves in (a) and (b) show remanent magnetization
at zero field. In addition, the curves are isotropic, i.e., they do
not show any difference between polar (¢=0°) and in-plane
(¢=70°) magnetic field directions, where ¢ is the angle of

the field with the substrate normal. Reasons for this apparent
absence of magnetic anisotropy could be an amorphous clus-
ter structure, a random distribution of the cluster easy axis or
even a partial realignment of the clusters on the Xe layer in
the presence of a torque created by the magnetic field. A fit to
the in-plane magnetization curves with a standard Langevin
function, which includes the magnetic moment of bulk Co
taken from Ref. 12, yields a spin block size N=35* 5 atoms.

The scenario changes upon desorption of the bulk xenon
when the sample is annealed at 100 K. In Figs. 2(c) and 2(d)
we show hysteresis curves taken after Xe desorption and
cooling the sample back to 35 K and 8 K, respectively. While
the cobalt moments show no sign of anisotropy on the Xe
layer, anisotropy emerges when the clusters make contact
with the surface. The in-plane direction now is an easy axis.
For this system we were able to apply the sum rules for 3d
metals'? to find the Co orbital and effective spin moment ;.
and ug=us+7ur. Here, g is the spin moment and uy is the
intra-atomic magnetic dipole moment that is usually calcu-
lated by ab initio theory. Magnetic moments per d-band hole
(ny,) are summarized in Table 1. Using bulk Co values n,
=2.49 and the theoretical values for u; (see Sec. IV), one
can calculate the average total magnetic moment w=u;
+ug. The latter is used to find the value of the MAE via a
superparamagnetic fit using the procedure described in Ref.
14, assuming a substrate induced uniaxial symmetry in the
magnetic anisotropy. We obtain a hard axis in the polar di-
rection with a MAE of —0.15%0.1 meV/atom and a spin
block size of N=52*5 atoms. The latter value is slightly
larger than the cluster size of about 20-40 atoms found in
Sec. I A. However, there is still sufficient agreement, an
indication that the thermodynamic model employed to de-
scribe the nanoclusters magnetization is reasonable for our
system. Further, an upper estimate to the blocking tempera-
ture T of the clusters is obtained from temperature-
dependent measurements of the magnetization at small ap-
plied fields of B=5 mT shown in the inset of Fig. 2(c). Here,
for each temperature data point the magnetic field was
ramped up to 4.5 T to saturate the magnetization and then
down to 5 mT before measuring the dichroic signal. In this
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way, the magnetization observed was due to the fraction of
clusters that were still blocked at that temperature and that
magnetic field. From the temperature at which the magneti-
zation has dropped below 1/e of the maximum value after
saturating the sample at lowest temperatures we find
Tg<25=%5 K. The standard expression for Ty can also be
used here,

N-MAE

B kg In(7,/7) "

kg is the Boltzmann constant, 7,, the experimental measure-
ment time (300 s in our case), and 7, the relaxation time of
the system (typically, between 107 and 107'° s). For our
system the above formula gives a value of Tg=4.5*2 K, in
agreement with the upper estimation and with observation of
blocking at 8 K.

We want to point out that in the case of Co situated on
thick Xe layers the signal-to-noise ratio in the XMCD was
insufficient for a quantitative evaluation of the moments.
Thus, in this case only the XMCD/XAS ratio at the L; ab-
sorption edge is shown in Table 1.

III. BUFFER-LAYER ASSISTED GROWTH WITH
ATOMICALLY THIN XENON LAYERS

A. Co cluster morphology on Ag(111) and Pt(111)

In order to address the question if atoms or clusters inter-
act with the substrate long before the last monolayer of the
noble gas is desorbed we studied the extreme case of BLAG
with only a single layer (5 L) of xenon. As substrates we
used Ag(111) and Pt(111). The Co coverage was again 5%
of an epitaxial monolayer, in analogy to the samples in the
previous section. Differently from the Xe on Ag(111) system,
where the lattice constants of Xe and Ag are always
incommensurate,'>'® Xe grows on Pt(111) as a commensu-
rate layer below coverages of ®=0.33 ML.'7 At higher
coverages a transition from commensurate to incommensu-
rate occurs.!” The Xe desorption temperature for 1 ML Xe/
Pt(111) is about 100-110 K, which is significantly higher
than on Ag(111), due to a higher binding energy.'?

STM images taken on 0.05 ML Co/l ML Xe/Ag(111), as
well as on 0.05 ML Co/1 ML Xe/Pt(111), in the temperature
range between 80 and 300 K are summarized in Fig. 3. At
low temperatures, when the complete Xe monolayer is still
adsorbed and cluster formation is in its early stage, we can
hardly distinguish the clusters from the Xe background [see
Figs. 3(a) and 3(b)].

In the case of Ag(111) [Fig. 1(a)] one observes streaks in
the STM which points to a displacement of mobile Co clus-
ters or Xe atoms by field-induced diffusion while scanning
the tip over the surface. Terrace step edges as well as defects
and vacancies in the Xe layer provide an energetically favor-
able position where the Co clusters are more strongly bound
and therefore immobile. A similar behavior as observed in
the previous paragraph for thicker xenon films [Fig. 1(e)] is
found instead upon annealing [Fig. 3(c)], that is residual Xe
on the surface is pinned at Co clusters up to 150 K.

For the BLAG on Pt(111) the dynamics is different. We
observe no streaks at lowest temperatures in Fig. 3(b) but an
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FIG. 3. (Color online) STM topographies for Co/thin Xe layer/
Ag(111) (left column) and Co/thin Xe layer/Pt(111) (right column)
taken after annealing at 7, indicated in the figure caption. The scan-
ning temperature was 20 K for (a)—(d) and 300 K for (e) and (f).
The inset in (e) and (f) shows the line scan across a Co island
supported on the two different substrates.

increase in the apparent height corrugation Ak when warm-
ing the sample from 80 K (Ah=0.2-0.4 A) to 110 K [Ah
~0.6 A, Fig. 3(d)] and finally to 150 K (Ah=1.6 A, not
shown). Our conclusion from these and many other STM
images is that the clusters are actually buried in the Xe buffer
layer and become exposed as the Xe layer desorbs. Further
increase in the temperature up to RT [Figs. 3(e) and 3(f)]
produces in both cases an increase in the cluster size accom-
panied by a reduction in the density as observed in Fig. 1(f).
For Ag(111) the clusters are of double layer height and the
average cluster size estimated from the STM data is now
N=16=%5 at 120 K and N=44=*5 at RT. On the Pt(111)
surface we have islands of ML height with an average num-
ber of atoms that changes from N=6*4 at 110 K to N
=62 =10 at RT. We can conclude that using constant BLAG
parameters the system-dependent growth dynamics can lead
to structures with substantially different properties on the
two substrates: small compact three-dimensional structures
on the Ag(111) [Fig. 3(e)] and monolayer islands for the
Pt(111) [Fig. 3(f)]. We infer from these experiments that in
the case of a thin Xe layer the substrate does have consider-
able influence during buffer-layer assisted growth and con-
tributes to the final size, shape, and distribution of the clus-
ters.
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TABLE II. Magnetic properties for the samples Co/thin Xe
layer/Ag(111) and Co/thin Xe layer/Pt(111) before and after anneal-
ing at 100 K. The average magnetic moments per d-band holes
given in units ug have been calculated from the saturated XMCD
data at the indicated temperatures using the sum rules with the
magnetic field in plane and polar with respect to the surface normal.
The value of the XMCD/XAS ratio at the L5 absorption edge is also
indicated.

M (ps+7 pr) XMCD
ny ny XAS

I-Before annealing at 100 K
Ag(111) in plane (25 K) 0.10£0.04 0.53*0.04 0.60=0.05

Ag(111) polar (25 K) 0.11 0.60 0.65
Pt(111) in plane (25 K) - - 0.45
Pt(111) polar (25 K) 0.16 0.54 0.76

[I-After annealing at 100 K

Ag(111) in plane (8 K) 0.11 0.49 0.51
Ag(111) polar (8 K) - - 0.46
Pt(111) in plane (8 K) - - 0.38
Pt(111) polar (8 K) 0.12 0.57 0.61

B. Comparison of the magnetism of Co clusters
on Ag(111) and Pt(111) substrates

The magnetism of the samples shown in Sec. III A has
been investigated by XMCD. We have taken angular-
dependent x-ray absorption spectra at the Co L ; edges, as a
function of temperature and magnetic field. The clusters con-
sidered in the following have been synthesized by BLAG
using 0.05 ML Co and 3-4 ML Xe.

The complete set of magnetic moments deduced from the
XMCD data are shown in Table II for the two samples made
on the Ag(111) and Pt(111) substrates, before and after an-
nealing at 100 K. The XMCD was measured at magnetic
fields of B=4.5 T. The hysteresis curves obtained on those
samples along the sample normal and under grazing inci-
dence are summarized in Fig. 4, again before and after Xe
desorption. At low temperatures for Co situated on xenon/
Ag(111) the magnetization is isotropic [Fig. 4(a)], in analogy
to what is observed in Figs. 2(a) and 2(b) for the case of
thick buffer layers. On the other hand Co nanostructures on
xenon/Pt(111) show a strikingly pronounced magnetic easy
axis in the polar direction [Fig. 4(b)], which endorses our
STM interpretation of a stronger tendency of cobalt to pen-
etrate the xenon. After annealing both samples at 7=100 K
and measuring again at 25 and 8 K [Figs. 4(c)-4(f)] in both
cases, Ag(111) and Pt(111), a magnetic anisotropy is visible
in the magnetization curves: while Co/Pt(111) still has a
strong polar easy axis, Co prefers the in-plane direction in
the case of the Ag(111) substrate.

The MAE was estimated in the superparamagnetic regime
from the Co magnetization curves on Pt(111) at 25 K (before
and after annealing at 100 K), and on Ag(111) at 8 K, using
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FIG. 4. (Color online) Magnetic characterization of the systems
in Fig. 3: 0.05 ML Co/thin Xe layer/Ag(111) (left column) and
0.05 ML Cof/thin Xe layer/Pt(111) (right column): [(a) and (b)]
before and [(c)-(f)] after annealing at 100 K, measured at [(c) and
(d)] 25 K and [(e) and (f)] 8 K. The full lines in the hysteresis plot
correspond to a Langevin fit according to Eq. 5 in Ref. 14. The
magnetic moment used in the fits are the calculated values dis-
played in Table II with n,=2.49 (Co bulk value) and wu; derived
from the ab initio calculations (Table III).

the procedure described earlier. We obtain a magnetic aniso-
tropy of +0.6 and +0.67 meV/atom for Co/Pt before and
after annealing at 100 K, and —0.10 meV/atom for Co/Ag.
An additional average induced moment per Co atom due to
the platinum nearest-neighbor atoms was included in the cal-
culation. In particular, for each Co atom one Pt magnetic
moment of up=0.15 ug/atom (Ref. 19) was added, since
one Co atom has three Pt neighbors, but each Pt atom is
shared among three Co atoms. For the spin block size we
then get N=17=*5 and N=18 £5 before and after annealing
at 100 K for Pt(111) and N=25*5 and N=18=*5 for
Ag(111). Also in this case the agreement with the cluster size
found by STM measurements above T=80 K (Sec. IIT A) is
reasonable. Remanence is observed at lowest temperatures of
8 K in the case of the Pt(111) substrate due to the strong
polar MAE which pushes the blocking temperature to higher
values.
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IV. AB INITIO CALCULATIONS OF MAGNETIC
CoN ISLANDS ON Ag(111) AND Pt(111)

In order to interpret the experimentally observed trends in
the magnetic properties of these deposited Co clusters we
performed ab initio calculations within the local-density ap-
proximation of density-functional theory (DFT),?’ using the
spin-polarized relativistic Korringa-Kohn-Rostoker multiple-
scattering formalism.?! In this scheme, the Dirac Green’s
function was calculated self-consistently for large single and
multilayer Co islands assuming pseudomorphic deposition
on a 38-layer Ag (Pt) slab having the experimental lattice
constant of 4.085 (3.924) A. Furthermore we applied the
atomic sphere approximation to the potentials and neglected
lattice relaxations (see Refs. 14 and 19 for more details). In
order to obtain converged results for the magnetic anisotropy
energies we used here a logarithmic mesh for the energy
contour integration as described in Ref. 22. This leads to
slight changes in the orbital magnetic moments when com-
pared to the results of Coy/Pt(111) in Ref. 19 where a dif-
ferent energy mesh was used.

The influence of coordination effects on the magnetism of
the deposited Co clusters was studied by a systematic in-
crease in the island size. Table III shows calculated spin
(), orbital (), and intra-atomic dipolar moment () and
MAE. For the system Co/Pt(111) we find an out-of-plane
easy-axis direction at every island size with the exception of
Co3 and Co7 where the anisotropy is slightly in plane but
with a value close to zero. These exceptions reflect oscilla-
tions of the magnetic anisotropy for the smallest cluster
sizes. More interestingly for Co/Ag(111) we also find a
strong (10.98 meV/atom) out-of-plane anisotropy for the
single atom case, which is highly sensitive to a lateral coor-
dination with other cobalt atoms: a sudden easy-axis reorien-
tation to the in-plane direction is predicted for the Co dimer
case accompanied by an abrupt drop in the MAE absolute
value (—1.23 meV/atom). After that, adding more atoms
leaves the easy-axis direction in plane and the MAE varies
only slightly with increasing number of atoms in the first
layer, until reaching the ML value of —1.62 meV/atom.
Stacking of Co atoms in a second layer reduces the absolute
MAE value dramatically (almost a factor of 10) but does not
change the easy-axis direction for islands with more than one
atom. The positive MAE in the case of Co4 (three atoms in
the first layer and one atom in the second) is due to the single
Co atom in the second layer. A third layer of Co does not
substantially change the situation anymore. Concerning the
spin and orbital moments, we observe that they both de-
crease if the number of atoms in the island is increased, an
effect known also from the literature.'”?* The intra-atomic
dipolar term decreases progressively in absolute value with
increasing number of layers, indicating that the distribution
of the magnetic moment is becoming more isotropic when
the cluster is becoming more compact.

V. DISCUSSION
A. Growth dynamics of Co nanostructures
on xenon buffer layers

Key observations during our study of the growth of Co on
thick and thin Xe layers from the presented VI-STM experi-
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TABLE III. Ab initio calculations for the systems Co/Pt(111)
and Co/Ag(111) calculated for ML height Co island with increasing
number of atoms and for bilayer and trilayer height islands. In the
table, average values for magnetic anisotropy (in millielectron volt
per atom) and magnetic spin, orbital, and intra-atomic dipolar mo-
ment (in ug/atom) are reported. Positive (negative) values for the
MAE indicate out-of-plane (in-plane) easy axes.

MAE Ms ML Mr
ML cluster/Pt(111)

Col 4.88 2.269 0.604 -0.209
Co2 2.24 2.160 0.441 -0.045
Co3 -0.12 2.081 0.234 —-0.088
Co7 -0.25 2.024 0.192 -0.025
Col9 0.22 1.967 0.168

Co37 0.24 1.947 0.160 —-0.047

ML cluster/Ag(111)
Col 10.98 2.145 1.350 -0.023
Co2 -1.23 2.050 0.506 0.012
Co3 -2.71 2.009 0.410 0.012
Co7 -2.91 1.954 0.243 0.030
Col9 -1.60 1.915 0.221 -0.015
Co37 -1.78 1.899 0.214 -0.018
Monolayer -1.62 1.872 0.186 -0.027
Bilayer cluster/Ag(111)
Co4 0.70 2.022 0.571 0.005
Col0 -0.235 1.921 0.277 0.016
Co31 -0.34 1.895 0.217 —-0.006
Co64 -0.234 1.884 0.209 -0.007
Trilayer cluster/Ag(111)

Co39 -0.42 1.899 0.221 0.003
Co82 -0.21 1.888 0.210 0.0002

ments are (i) the observation of delayed Xe desorption in the
vicinity of the Co clusters, (ii) differences in the cluster-
substrate interaction for Ag and Pt substrates, resulting in a
considerably stronger tendency for clusters to penetrate the
Xe matrix for the case of Pt substrates, (iii) differences in the
cluster morphology on Ag and Pt substrates, as well as clus-
ter ripening during annealing of the samples to room tem-
perature. In this paragraph we will discuss the processes of
Xe desorption and cluster formation in more detail.

One of the most widely used concepts for thin film and
cluster growth is the consideration of surface or interface
energies of substrates and adlayers.?* The interfacial energy
715 at the interface of two materials A and B is commonly
expressed as v),=7.+Yy+A9.s, where 9 is the surface
free energy of material i and Ay} the interfacial adhesion
of the system AB. The A% can be calculated (at zero tem-
perature) for metal/Xe and metal/metal systems, using values
for the surface free energy and interfacial adhesion from
Ref. 24. We obtain interfacial energies 9, of 2.330 J/m?,
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0.230 J/m?, and 0.007 J/m? for Co/Xe, Co/Ag, and Co/Pt,
respectively. The gain in free energy upon formation of an
interface between two materials can be written as: Ay= yg
+9) 5~ 75 Negative or very small values of Ay indicate that
the formation of the interface is favored energetically and
therefore a layer by layer growth is expected. In our case, for
A=Co we found the values 1.530 J/m? and 0.007 J/m? for
the two substrates B=Ag and Pt, respectively, that is Co wets
Pt(111) but not Ag(111). Concerning the Xe/Co interface,
one finds Ay=-0.188 J/m? for Xe wetting the Co surface
(A=Xe and B=Co). As already discussed in Ref. 25 for the
case of Au nanoparticles on Xe, these results suggest that the
Xe will coat the Co nanoparticles in order to minimize the
surface energy.

Similar energy considerations can also be used to predict
the morphology of the clusters in equilibrium. The Young-
Dupré formula for a liquid droplet on a solid relates the
contact angle 6 of a droplet to the surface free energies of the
solid and liquid, and the interfacial energy of the solid-liquid
system: 7’(s)= 72L+ 72 cos 6. Special cases are complete wet-
ting for #=0° and a crossover from wetting to dewetting for
6=90°. Evaluating the Co cluster morphology with this ap-
proach predicts total wetting for Co/Pt (#=0°), partial wet-
ting for Co/Ag (6=66.4°), and dewetting for Co/Xe (6
=154°). According to this estimate, the formation of a Co/
metal substrate interface seems energetically most favorable,
which could potentially destabilize the three-layer Co/Xe/
metal system. Thus, the analysis of the surface free energies
explains very well our experimental observation of the for-
mation of hemispherical Co clusters on Xe/Ag and the dif-
ferences of the cluster morphology after making contact with
the Ag and Pt surface. Especially on the Pt(111) the strong
tendency toward complete wetting results in the formation of
monoatomically flat, epitaxial islands.

For a better understanding of the temperature-dependent
dynamics during BLAG it is instructive to compare the de-
sorption energies of Xe in different environments. The de-
sorption energy for bulk Xe is 161 meV per xenon atom,
while for a single Xe monolayer on Ag(111) the desorption
energy is 208 meV/atom,?” and 286 meV/atom for 1 ML of
Xe on Pt(111)."® As already introduced in Sec. I A, the
higher desorption energy for single Xe monolayers is due to
interactions with the supporting substrate. Using the same
argument, in the vicinity of surface step edges or clusters at
the surfaces the Xe desorption can be delayed to even higher
temperatures due to a higher coordination with the metal
atoms, as seen in the STM images of Secs. Il A and IIT A. A
similar pinning effect has been reported for Ag clusters, soft
landed on a Kr buffer layer.”

A difference in desorption energy between bulk Xe and a
Xe monolayer adsorbed on a metal is expected to influence
the growth mode of Co when directly deposited on Xe. The
morphology of the two samples made with Ag(111) sub-
strates and different Xe coverages suggests that Co coating
by Xe atoms occurs on the bulk Xe, where the Xe desorption
energy is lower. On the Xe single layer on Ag(111) instead
Co atoms seem to simply diffuse on the Xe layer but with a
higher diffusion coefficient compared to, e.g., a metal sur-
face. A very special case is the Xe single layer on Pt(111),
where the desorption energy is higher then on Ag(111) but
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the deposition of Co destroys the ML structure.

As a matter of fact, the required heat of desorption for a
single Xe monolayer is determined by intralayer Xe-Xe in-
teractions as well as Xe-substrate interactions. There are two
different contributions to the Xe-Xe intralayer interactions,
which are attractive van der Waals interaction and a repulsive
contribution originating in the interaction between Xe and
the substrate. The total lateral binding energy for 1 ML Xe/
Ag(111) was reported to be 54.37 meV/atom.?” Strain effects
or the formation of induced dipoles in the Xe layer, for in-
stance, can in fact increase the described repulsive contribu-
tion, hence weakening the total Xe-Xe interaction. The mea-
sured surface dipoles for Xe/Ag(111) is 0.2 D,” which
corresponds to an average repulsive contribution of about 7
meV/Xe atom. For Xe/Pt(111), the induced dipole moment in
the Xe layer is considerably higher, namely, 0.53 D, corre-
sponding to an increased repulsive energy per Xe atom of 19
meV.’® The higher surface dipole, together with other effects
such as a higher work function, an unfilled d band, and stron-
ger corrugation of the Pt(111) surface potential, contributes
to a total lateral binding energy per Xe atom which is re-
duced by 30 meV/atom, compared to Ag(111).!73!

We argue here that the observation of Co cluster embed-
ding in the Xe layer is a result of the described weakened
Xe-Xe bonds and the presence of attractive van der Waals
interaction between the Co and the metal substrate across the
Xe buffer layer. For otherwise identical geometry the
strength of the van der Waals interaction also depends on the
dielectric function of the materials.?? The presented compari-
son of BLAG on Pt and Ag substrates thus shows that the
substrate can have a significant influence on the final size
and shape of the clusters, as it determines the bond strength
in a thin buffer layer, cluster-substrate interactions as well as
the wetting behavior. As a result of the differences in BLAG,
Co clusters on Pt(111) tend to be smaller and of flat shape, in
comparison to Ag(111) substrates where the same BLAG pa-
rameters result in larger clusters of hemispherical shape. The
above discussion is summarized in the growth model dis-
played in Fig. 5.

B. Analysis of the magnetic properties during Co
self-assembly—Comparison to ab initio theory

In this section the measured magnetization as well as
evaluated orbital and effective spin moments of the Co nano-
structures during the different steps of BLAG (Tables I and
II) are discussed in more detail since they allow for a corre-
lation with the morphology information extracted from STM.
Table IV shows an overview of magnetic moments in rel-
evant geometries calculated with ab initio theory together
with the values obtained from the XMCD sum rules.

First qualitative trends can be seen in the XMCD/XAS
values at magnetic fields B=4.5 T given in Tables I and II. It
is a well-known effect that spin and orbital moments are
reduced as 3d clusters grow in size. Indeed, the XMCD/XAS
values reflecting the average magnetization M is always
smaller after Xe desorption, when the cluster size N is in-
creased. When comparing M before Xe desorption then
among the three measured samples cobalt on 12 ML of Xe
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FIG. 5. (Color online) Detailed scheme of the cluster formation
dynamics for the three different systems: Co/Xe buffer layer/
Ag(111)(left), Co/Xe single layer/Ag(111)(center), and Co/Xe

single layer/Pt(111)(right). The arrow on the left indicates the rais-
ing temperature 7" from top to bottom.

PHYSICAL REVIEW B 81, 195403 (2010)

possesses the highest XMCD/XAS value of =0.7 in average
but shows no magnetic anisotropy. This is coherent with the
picture that smallest clusters on a thick Xe layer are elec-
tronically decoupled from the substrate. The same amount of
Co on only 3.5 ML of Xe on Ag(111) shows already a
slightly lower XMCD/XAS value of =0.6 in average but still
no MAE. Finally the sample with 3.5 ML Xe on Pt(111)
shows a similar value of XMCD/XAS =0.6 in average but a
rather strong MAE.

In the following we want to address separately the results
of orbital moments which are related to magnetic anisotropy
effects, and trends in the spin moments.

Magnetic anisotropy and orbital moments. For a better
understanding we briefly recall that the MAE is directly re-
lated to anisotropies of the orbital moments via the spin-orbit
coupling constant {. In a simple case of a surface supported
semispherical Co cluster a uniaxial MAE ocg’(,ui—,u,l) is ex-
pected, assuming majority Co d bands are filled.’* Here,
(,ud[— ,uLL) is the anisotropy of the orbital moments parallel
and perpendicular to the surface induced by the asymmetric
environment of Co. In general a reduction in the Co orbital
moments is related to the hybridization between Co d states
with sp and d bands of the substrate and to internal d-d
hybridization within the cluster. The latter of course in-
creases with the average cluster size.

Comparing the two samples made with thick Xe layer and
thin Xe layer on Ag(111) after annealing at 100 K. The val-
ues in Table IV indicate that the orbital moment of the
former is smaller than the value found for the latter. This

TABLE IV. Average magnetic moments per atom in units ug for 0.05 ML Co on different substrates measured in the direction of the
easy axis in a magnetic field of B=4.5 T. Expected values from theory for epitaxial monolayer and bilayer islands are shown in the lower
part of the table. The number of holes in the d band was assumed to be n,=2.49. Magnetic anisotropy energies are given in units of

millielectron volt.

Experiment M/ atom (us+7pmp)/ atom Anisotropy/atom Spin block size N Size from STM
Ag(111)-thick Xe layer

Before annealing at 100 K (25 K) Isotropic 35+5

After annealing at 100 K (8 K) 0.20+0.10 1.14+0.10

After annealing at 100 K (35 K) 0.21 0.87 -0.15+0.10 52 40+7
Ag(111)-thin Xe layer

Before annealing at 100 K (25 K) 0.28 1.49 Isotropic 25

After annealing at 100 K (8 K) 0.27 1.22 -0.10 18

After annealing at 100 K (25 K) 0.27 0.93 165
Pt(111)-thin Xe layer

Before annealing at 100 K (25 K) 0.39 1.35 0.59 17

After annealing at 100 K (8 K) 0.29 1.43

After annealing at 100 K (25 K) 0.25 1.20 0.67 18 6*+4

Theory fuy,/ atom Mg/ atom MAE/atom

Col0/Ag(111) bilayer 0.277 1.921 -0.235 10

Co31/Ag(111) bilayer 0.217 1.895 -0.34 31

Co19/Pt(111) monolayer 0.168 1.967 0.22 19

Co37/Pt(111) monolayer 0.160 1.947 0.24 37

Co bulk? 0.154 1.62

4Reference 12.
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TABLE V. Overview of the experimental parameters used for
the samples described in the text.

ST™M XMCD
Co Xe Co Xe
Substrate (ML) (L) (ML) (ML)
Ag(111) 0.05 50 0.05 12
Ag(111) 0.05 5 0.08 34
Pt(111) 0.05 5 0.06 34

decrease is possibly due to the internal d-d hybridization of
the Co with increasing number of Co-Co neighbors in the
cluster: the nanomagnets become larger, for higher Xe cov-
erage. This is in agreement with the increase in spin block
size N (see Table V), the STM investigation and the findings
by Weaver et al.> We want to stress, however, that the error
bar in the orbital moment evaluation is relatively large. Nev-
ertheless, also the absolute values u; =0.27up per atom mea-
sured on Ag(111) are in good agreement with the calcula-
tions of bilayer islands of the experimentally derived cluster
sizes N=16 (estimation from STM) and N=18 (spin block
size): from Table III we expect u; to be 0.22—-0.28uy. In
Table III the quenching effect on u; with increasing cluster
sizes is also shown by DFT-based calculations. Hybridization
effects from the substrate are expected to be smaller for
Ag(111) compared to Pt(111) since in the former case the full
d band is shifted far below the Fermi level. Again this is
reflected in the ab initio calculations, where for a given clus-
ter geometry the orbital moments are higher for the case of
Ag(111).

In the case of Pt(111) ab initio theory of monolayer is-
lands with spin block sizes N=25-30 underestimates u; by
about 30%. However, using the cluster size N~ 6 estimated
from STM leads to a much better agreement between experi-
ment and theory. In the case of the Co/Xe/Pt(111) system we
can compare our results to what was found by Gambardella
et al.3* for Co on Pt(111). A monolayer island of 7-8 atoms
has a MAE of about 1 meV/atom and an orbital moment of
about 0.35 ug/atom. Within the experimental errors, these
numbers agree well with that of BLAG-grown Co clusters.

The well pronounced polar MAE observed already right
after Co deposition on the Xe layer as compared to the lack
of anisotropy for Co/Xe/Ag(111) indicates that in the first
case the Co atoms and nanostructures cannot be considered
as free. In our view the effect can only occur in presence of
a broken symmetry as discussed in Ref. 34 that means a
chemical bond with the Pt(111) surface. In line with what is
discussed in Sec. V A on the STM results, we propose that
Co penetrates the few Xe layers already at 25 K to make
contact with the substrate.

Spin moments. The theoretical values of ug in Table III
show that depending on the substrate the spin moment is
expected to decrease monotonously by up to 14% when go-
ing from Co; to Coz; monolayer islands. In agreement with
this trend, the experimentally determined effective spin mo-
ments (ug+7wuy) in Table IV are larger for the samples made
with a thin buffer layer, where clusters are expected to be
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smaller. However, absolute experimental spin moments g
(the contribution of the intra-atomic magnetic dipole moment
ur was accounted for using theory values in Table III)
are smaller then those calculated for small clusters. For ex-
ample, in the case of Co islands on Pt(111) we find spin
moments of only ug=1.76 up/atom compared to the values
ms=1.96 up/atom predicted by the calculations. The experi-
mental value is thus more comparable to bulk values of
1.62 up/atom,'? where the spin moment is known to be re-
duced due to the large degree of Co-Co coordination. For the
samples made on Ag(111) we even find Co spin moments
which are below the bulk value. When comparing the Co/
thin Xe layer/Ag(111) sample before and after bulk Xe de-
sorption it is concluded that in the case of Ag(111) the re-
duction in the spin moment gets stronger with Xe desorption.
The calculated spin values for ML cluster geometries in
Table III support the more pronounced quenching effect for
Ag(111) substrates although the magnitude is underesti-
mated. In the following we discuss possible reasons for the
small values of average spin moments in Co clusters.

(1) The geometry of the clusters formed under quasifree
conditions on an inert Xe layer might play a role. In Ref. 35,
for example, it was found that fcc mass selected free clusters,
deposited on Au(111), have a spin moment of only about
1.5 wup/atom per atom, smaller than Co bulk, and smaller
than what is found for epitaxial Co islands on Au(111) with a
similar size.3® Therefore it will be revealing to determine the
crystalline structure of clusters made by BLAG. Experiments
with this aim are currently in progress.

(2) Even though Co and Ag are immiscible, different sce-
narios might appear for deposition of minute amounts on
surfaces.?” Co-Ag intermixing could lead to the formation of
a magnetically dead layer at the interface between clusters
and Ag(111) with consequent reduction in the Co magnetic
moment. This has been observed, for example, for Co/Ag
multilayers,® where the Co moment of a 1-nm-thick Co
layer was found to be quite small (about 1 ug/atom). Fur-
thermore, according to calculations in Ref. 39 the spin mo-
ment of Co-Ag alloys could be reduced compared to the Co
hep bulk value, depending on the geometry and composition
of the alloy, down to a value of about 1.3 ug/atom.

(3) A quenching of the spin moment of Co in contact
with a nonmagnetic metal has been found for Co nanoclus-
ters embedded in a Cu matrix.***! The authors could at-
tribute it to the cluster-matrix hybridization and presence
of Rudermann-Kittel-Kasuya-Yosida (RKKY)-type cluster-
cluster interactions. In our case, however, we exclude this
explanation for two reasons. First, the average distances be-
tween clusters are larger then 2 nm which makes the RKKY
intercluster interaction negligible. To give an order of mag-
nitude, for Cos, clusters embedded in a Cu matrix*> and
cluster-cluster distances between 2 nm and 3 nm, calculated
RKKY oscillations give interaction energies between 0.03
meV and 0.005 meV, respectively. At experimental tempera-
tures of 8 K (0.7 meV) used in our experiments these inter-
actions should not play a role. The second argument is the
trend of magnetization versus cluster size and density: the
magnetization is smaller for the sample made with 50 L Xe,
which corresponds to larger clusters with smaller cluster den-
sity. Instead in Ref. 41 it was found that, as a consequence of
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cluster-cluster interactions, the magnetization increases with
the cluster size and, for a given size, decreases with the clus-
ter concentration.

(4) Screening effects due to polarization of the Ag atoms
surrounding the Co cluster is another possible explanation of
the reduced spin moments. Recently, in an experiment on Co
nanoparticles embedded in a Ag matrix,¥> Ag atoms were
shown to exhibit a nonvanishing dichroic signal in an exter-
nal magnetic field of 1 T. Although the induced Ag moments
in the presence of Co atoms point in the same direction as
those of Co, charge-transfer processes between Co and Ag
need to be taken into account, which leads to incomplete
filling of the Ag d bands and can decrease the average Co
moments.

(5) Finally we want to consider the possibility of a non-
collinear alignment of the Co atoms inside the cluster due to
the interaction with the substrate, which can lead to a reduc-
tion in the average spin moments. One of the reasons for
noncollinear magnetism is the Dzyaloshinskii-Moriya (DM)
term, also called “anisotropic exchange interaction.” This
term is usually only important in the case of weak exchange
interactions between magnetic atoms, which is why it is of-
ten not taken into account in most ferromagnetic systems.
Contrary to that, recently it was calculated that in presence of
a substrate with strong spin-orbit coupling** a noncollinear
spin structure could be stabilized even in presence of strong
ferromagnetic exchange interaction among atoms as in the
case of a Co dimer. In particular, the authors suggest that DM
couplings can affect the spin structure around the edges of
larger nanostructures like those studied in this work.

VI. CONCLUSIONS

We have presented STM images and magnetic measure-
ments on Co nanoclusters during different stages of Xe
buffer-layer assisted growth. We find that Co clusters make
direct contact with the Ag(111) only upon Xe desorption. On
the contrary, on Pt(111) substrates Co clusters have a strong
tendency to penetrate Xe layers of a few monolayer thick-
ness until they get in contact with the substrate. We explain
this behavior in terms of a complex interplay of Xe-Xe and
Xe-substrate interactions. Electronic decoupling of the clus-
ters and the substrate by a Xe buffer layer is therefore only
achieved on Ag(111) substrates, leading to an absence of
magnetic anisotropy in this case. The magnetic anisotropy of
clusters in contact with Ag and Pt substrates is determined by
the magnetic interface anisotropy and remanent out-of-plane
magnetization is found for Co/Pt(111) at temperatures below
25 K. Cluster size effects and the contact with the substrate
are also reflected in the spin and orbital magnetic moments.
Trends obtained by XMCD could be reproduced in ab initio
DFT calculations. From the calculations it is evident that
magnetic properties like the orbital moments but especially
the appearance of magnetic anisotropy is largely determined
by cluster-substrate interface effects.
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APPENDIX: EXPERIMENTAL

VT-STM experiments were performed at the Max-
Planck Institute for Solid State Research in Stuttgart, and
XMCD experiments for magnetic characterization were done
at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, beamline ID08. In both cases the samples were
prepared and measured in UHV chambers with base pressure
about 3 X 107!9 mbar. A precise determination of tempera-
ture, xenon and cobalt coverage as shown below ensured the
comparability of the experiments.

The cobalt coverage was calibrated by a microbalance in
the STM measurements and by the Co edge jump at the L;
edge for the samples used in XMCD measurements. The
xenon coverage was calibrated from the partial pressure in
the UHV chamber (converted to Langmuir and then to film
thicknesses in units of Angstroms) for the STM measure-
ments and based on the saturation of the total electron yield
(TEY) current upon xenon adsorption for the XMCD mea-
surements (as described in more details in Ref. 45). The ex-
perimental parameters used to fabricate the samples de-
scribed in the paper are displayed in Table V. The Ag(111)
and Pt(111) substrates were cleaned by several sputtering/
annealing cycles. Cleanliness and ordering of the crystal sur-
face was verified by Auger, low-energy electron diffraction,
and STM measurements. No contamination from oxygen and
carbon monoxide were detected. During the XMCD mea-
surements the oxygen contamination checks prior and after
the measurements were done using XAS at the oxygen
K-edge absorption line situated at 543.1 eV.

For all the experiments the xenon was preadsorbed on
the sample at a temperature of about 30 K. At the same
temperature Co was deposited from an e-beam evaporator.
For the morphologic characterization, the sample was pre-
pared in the manipulator and then transferred to the VI-STM
that was precooled by liquid-helium flow. For magnetic
characterization, the clean crystals were transferred to the
magnet chamber under UHV conditions with a pressure of
1X 1071 mbar. In this case, adsorption of Xe and Co depo-
sition were performed inside the high-field magnet chamber
at IDO8.

The XAS intensity was measured recording the total pho-
toelectron yield as a function of the x-ray energy for positive
(0*) and negative (07) x-ray circular polarization (99 * 1%
degree of polarization). Magnetic fields up to B=4.5 T were
applied parallel and antiparallel to the photon beam. The
angle of incidence of the beam was varied between ¢=0°
(normal incidence) and ¢=70° (grazing incidence) to probe
the out-of-plane and in-plane XMCD. The XAS signal is
taken as the average intensity (6" +07)/2 and to the XMCD
as (o*—o07). Hysteresis curves were measured recording the
XMCD/XAS at the L; edge of cobalt as a function of mag-
netic field. The experimental time scales for measuring
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spectra as well as ramping of the magnets to their designated
values are on the order of 10-100 s. During the experiments
no changes in the xenon lines induced by the heat load of the
x rays were detected.

In Figs. 6(a), 6(c), and 6(e) XAS spectra at the xenon
M3, energy range show the Xe edge jump for 12 and 3-4
layers of Xe adsorbed on Ag(111) and Pt(111). Before
Co deposition, the XAS background was also recorded
at the energy range of the Co L;, edge for the systems
of interest: Ag(111), Pt(111) as well as xenon/Ag(111) and
xenon/Pt(111). In Figs. 6(b), 6(d), and 6(f) we have the
total electron yield signal for the three samples recorded
right after Co deposition on the Xe/substrate at 7=25 K.
In (d) and (f) the background spectrum before Co evapora-

tion is shown as a dashed line, which was used to separate
the Co XAS shown in the same graph below. Also shown
is the XMCD signal of cobalt indicating a sizable mag-
netic moment. In the last step of BLAG the sample was
annealed at 100 K in order to desorb the Xe from the sub-
strate being the nominal desorption temperature 75"
of the Xe monolayer from TdAeizSO K and Tg;sz 110 K.
The measurements were repeated also after annealing the
sample at 100 K. As we can see from the inset of Fig. 6, a
submonolayer amount of Xe was still present on the Ag(111)
substrate at these temperatures (pink colored line), due to the
“pinning” of Xe atoms around the Co clusters. After anneal-
ing at 100 K it was verified that no oxygen contaminations

appeared.
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