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Oxidation-induced spin reorientation in Co adatoms and CoPd dimers on Ni/Cu(100)
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Ultrasmall magnetic clusters and adatoms are of strong current interest because of their possible use in future
technological applications. Here, we demonstrate that the magnetic coupling between the adsorbates and the
substrate can be significantly changed through oxidation. The magnetic properties of Co adatoms and CoPd
dimers deposited on a remanently magnetized Ni/Cu(100) substrate have been investigated by x-ray absorption
and x-ray magnetic circular dichroism spectroscopy at the Co L, 3 edges. Using spectral differences, pure and
oxidized components are distinguished, and their respective magnetic moments are determined. The Co adatoms
and the CoPd dimers are coupled ferromagnetically to the substrate, while their oxides, Co-O and CoPd-O, are
coupled antiferromagnetically to the substrate. Along with the spin reorientation from the pure to the oxidized
state, the magnetic moment of the adatom is highly reduced from Co to Co-O. In contrast, the magnetic moment

of the dimer is of similar order for CoPd and CoPd-O.
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I. INTRODUCTION

The magnetic properties of low-dimensional systems, like
atoms, magnetic molecules, nanoparticles, and thin films [1-4]
have been an area of particular interest in recent years. There,
enhanced magnetic moments and magnetic anisotropy ener-
gies per atom can be found due to low-coordination numbers
and specific symmetry directions, showing their high potential
for magnetic applications. In addition to the reduction in size,
alloying of high-spin 3d with strong spin-orbit coupling 4d
and 5d transition metals is a promising strategy to stabilize the
magnetic moment to a specific direction on the surface [5,6].

How the oxidation influences the magnetic properties is of
crucial interest from a fundamental as well as applied point of
view and has been studied intensively over the past decade. For
example, enhanced orbital-to-spin magnetic moments were
found for deposited, oxide covered Co nanoparticles due
to uncompensated moments at the Co/CoO interface [7-9].
A large effective additional anisotropy was reported for
similar Co core, CoO shell nanoparticles if embedded into
an antiferromagnetic CoO matrix [10]. A similar important
role of the exchange bias effect was addressed to exchange
coupled magnetic molecules deposited on magnetic 3d sub-
strates [11,12]. If the magnetic molecules are separated from
the substrate by an oxygen layer, the coupling switches from
ferro- to antiferromagnetic.

In order to understand these findings in more detail, small,
mass selected clusters are excellent systems as they are large
enough to show complex phenomena and small enough to
be treated with sophisticated theoretical methods. In recent
work, magnetic moments as a function of the number of
atoms per cluster have been studied for 3d and rare earth
elements [13-19]. In addition to the strong size dependence,
the magnetic moments of the clusters are sensitively influenced
by the chemical environment [20-22]. For example, CoPt
alloy clusters can be easily oxidized even under UHV
conditions. The oxidation results in a significant decrease of
the magnetization [19].

In this paper, Co adatoms and CoPd dimers deposited on a
remanently magnetized Ni/Cu(100) substrate are investigated
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by means of x-ray absorption (XAS) and x-ray magnetic
circular dichroism (XMCD) spectroscopy at the Co L;3
edges, respectively. Thus, the chemical state and the magnetic
property of the Co atom for each sample is determined.
Oxidation of all Co adatoms and almost half of the CoPd
dimers is achieved by a modification of the preparation
procedure.

II. EXPERIMENT

The ability of XMCD to determine spin and orbital
magnetic moments in an element specific way makes it the
favorable method to study magnetic properties of deposited
clusters. The Co atoms and the CoPd dimers are produced
by high energy ion sputtering using 30 keV Xe™ ions to
erode the target material and thereby produce the clusters. To
mass select Co and CoPd from the various clusters sizes, the
beam is deflected by a magnetic dipole field with a resolution
of m/Am =~ 50. The production and mass separation of the
clusters is carried out at a base pressure of 2 x 10~% mbar.
Figure 1(a) shows the mass spectra of the clusters up to Coq
produced from the CoPd target. As a result of the sputtering
process, Xe' ions are also present in the mass spectrum.
A more detailed description of the cluster source and its
capabilities was given previously [23].

In the deposition process, the clusters are refocused and
decelerated down to a kinetic energy of about 1 eV/atom
to reduce fragmentation and implantation into the substrate.
In addition, a soft landing scheme [24,25] is used, where
Kr condensed onto the sample surface is used as a buffer
system. Thus, fragmentation of the clusters is suppressed
effectively [26,27]. The Kr is desorbed by flash heating to
~ 120 K before the measurements. Hence, the clusters are
directly supported by the substrate surface as illustrated in
Fig. 1(b). Low sample temperatures (~ 30 K) are used to
inhibit cluster agglomeration and therefore, in combination
with a low coverage of about 0.03 monolayers, cluster-cluster
interaction can be neglected in our samples. The 20 monolayer
thin Ni films have been prepared on the clean Cu(100) substrate
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FIG. 1. (a) Mass spectrum of Co and CoPd alloy cluster ions
produced from the CoPd target. (b) Sketch for the soft landing
procedure used for the clusters. (¢) (From top to bottom) X-ray
absorption and magnetic dichroism spectroscopy for the Ni film
(top axis), the Co adatoms, and the CoPd dimers (bottom axis),
respectively. The same negative signal at the Ni and Co L; edge
indicates parallel spin moments of the Co adatom, the CoPd dimer,
and the Ni film.

and are remanently magnetized perpendicular to the surface
by short pulses from a small solenoid. The layer thickness has
been calibrated and monitored by the XAS intensity ratio of
the Ni and Cu L, 3 edges.

All measurements have been carried out at a base pressure
below 5 x 1071 mbar. As a measure for the XAS spectra of the
adsorbates, the total electron yield (TEY), in our experiment
the total sample current, is recorded. The experiments have
been carried out at beamline UE52-SGM [28] with a constant
degree of 90% circular polarization at the BESSY II storage
ring in Berlin. All samples have been prepared in situ at the
synchrotron. XMCD spectra have been taken at the Ni and Co
L, 3 edges with a counting time of 4s per data point for each
photon helicity. The beamline resolution for the Co 2p-3d
spectra is 200 meV [28]; so was the step width we set for the
spectra.

III. RESULTS AND DISCUSSION

XAS and XMCD spectra for the Ni film, the Co adatoms,
and the CoPd dimers are shown in Fig. 1(c). The Co and the
CoPd XAS spectra show no characteristic oxidation multiplets,
known from CoO bulk, nanoparticles, and clusters [19,29-31].
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Similar to the Co atom, the CoPd dimer is ferromagnetically
coupled to the out of plane magnetized Ni/Cu(001) substrate
as can be seen from the same negative XMCD signal at the Co
and Ni L3 edge.

Deposited Co atoms and CoPd dimers are very stable
against oxidation, as the XAS does not change during the
measurements over hours. Therefore, some activation energy
is needed to oxidize both species. However, during the soft
landing process the ions are landed in the rare gas matrix with
a kinetic energy of about 1eV /atom. Consequently, the atoms
and dimers are rather hot which could promote the oxidation
process if oxygen is present on the substrate. The latter is
naturally given by a very small amount of adsorbed residual
gas (mainly H,O, CO, CO,) at 30 K. Surprisingly, a correlation
between the amount of the adsorbed residual gas, defined by
the time 7,, between the preparation of the magnetized Ni film
and the adsorption of the Kr buffer gas layer, and the oxidation
of the Co and CoPd samples was found as will be shown in
the following. However, the oxidation process itself remains
unclear.

Figure 2(a) shows how the XAS spectra change if 7, is
increased from < 5 min. (Co, CoPd) to 60 min (CoPd,y )
and 90 min (Co-O). With increased 1,,, a multiplet structure
emerges that is common for CoO [19,29-31]. Along with
the appearance of the multiplet structures in the XAS, the
corresponding XMCD signal shown in Fig. 2(b) is modified.
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FIG. 2. (a) L-edge XAS and (b) XMCD spectra of Co, Co-O,
CoPd and CoPd,. adatoms (from bottom to top), respectively. Along
with the appearance of the multiplet structures in the XAS of Co-O
and CoPd,, , the XMCD signal is reduced. (c) and (d) Comparison
of the XAS of Co-O and CoPd, , using the simulated Co*t spectra
from CTM4XAS only (Co-O) and, calculated by linear combination,
together with the experimental CoPd XAS spectrum, respectively.
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For oxidized Co adatoms, marked as Co-O in the following, the
XMCD signal at the L3 edge is rather small (about 1 /5 of the Co
adatom) and reverts to positive indicating antiparallel coupling
to the Ni film. For the oxidized CoPd sample, preliminary
marked as CoPd.x , the XMCD signal at the L3 edge is also
small (1/5 of the CoPd cluster) but stays negative. Thus,
parallel coupling to the Ni film is indicated.

As sketched in Fig. 2(c), the XAS of Co-O is in
good agreement with simulated Co>* spectra obtained from
CTM4XAS [32] using ligand field multiplet (LFM) calcu-
lations based on Cowan’s atomic structure code [33]. The
calculation was performed for Co*"(3d7) in cubic crystal
field (O) symmetry with 10Dq = 1.1 eV, corresponding to
a high-spin state [21,34]. The Slater integrals were scaled to
0.75 of their atomic values to account for solid state effects.
The overall good agreement in the energy positions and the
relative heights of the multiplet features between the calculated
multiplet spectrum and the experimental spectrum shows that
the Co-O sample is almost fully oxidized. The magnetization
of Co-O is small and in particular antiparallel to the spin
moments of the Ni film. Thus, a spin reorientation in the
Co atom is induced by the oxidation. The situation is more
complex for the CoPd,x. sample since it looks like the CoPd
spectra but with an additional shoulder peak 1.5 eV above
the L3 edge. Hence, the CoPdx. spectrum can be interpreted
as an ensemble of unoxidized CoPd and oxidized CoPd-O
dimers on the substrate. If, in a simple approach, the oxidized
CoPd-O dimers are considered to exhibit a similar charge state
as for Co-O (Co?*), the CoPd,y. spectrum can be calculated
by a linear combination of the simulated LFM spectrum
and the experimental spectrum of the unoxidized CoPd. A
comparison of the relative multiplet peak heights [marked A,
B, and C in Figs. 2(d) and 3(a)] allows us to determine the
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FIG. 3. The XAS (a) and XMCD (b) spectra of CoPd,, together
with the components from CoPd (60%) and CoPd-O (40%). Note
that the labeling is changed from CoPd, to CoPd-Og4 due to
the latter contribution. (c) Sketch for the parallel and antiparallel
magnetization alignment of CoPd and CoPd-O in the CoPd,,_sample.
(d) Normalized XMCD for CoPd and CoPd-O adatoms.
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contribution of both species. The XAS spectra of CoPd,x. can
be fitted with 60 & 5% CoPd and 40 &£ 5% CoPd-O spectra
and therefore, is labeled CoPd-Og4 in the following. Due
to the high magnetization of the CoPd dimer parallel to the
Ni moment, the small and also parallel net magnetization of
the CoPd-Oy 4 sample indicates a strong negative contribution
from the CoPd-O components.

The experimental and the calculated XAS of the CoPd-Og 4
sample are given in Fig. 3(a) as an example how the spectrum
can be decomposed into two fractions of 60% CoPd and 40%
CoPd-O. In a similar fashion, the magnetic contribution of
CoPd-O can be derived by subtracting the contribution of CoPd
from the XMCD spectra of CoPd-Oy 4, as is shown in Fig. 3(b).
In Fig. 3(d), the resulting XMCD spectrum of the extrapolated
CoPd-O is presented. While the magnetic moment of the CoPd
dimer couples parallel to the Ni, the coupling is antiparallel for
CoPd-O [see also illustration in Fig. 3(c)]. Compared to the
small antiparallel moment of the Co-O adatoms, the opposite
moment for CoPd-O is of comparable size to the CoPd dimers.
Like for the Co adatom, a spin reorientation of the CoPd dimer
from parallel to antiparallel to the Ni is induced by oxidation.
Note that within 60 min only 40% of the CoPd dimers are
oxidized while the Co adatoms are almost fully oxidized 90
min after the Ni preparation. Thus, the oxidation rate for Co
and CoPd is different.

To confirm the antiparallel coupling between the CoPd-O
and the Ni film, two further preparations with t,, = 5, 20 min
(CoPd-0Og 5 and CoPd-Og,5) were produced and measured.
Figure 4(a) shows how the multiplet structure emerges from
CoPd to CoPd-Oy4, indicating a stronger CoPd-O contribu-
tion. As expected, the total XMCD signal shown in Fig. 4(b)
is decreasing due to the stronger contribution of CoPd-O.
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FIG. 4. L,; edge XAS (a) and XMCD (b) of different CoPd
preparations with changing oxidation rate. The circles resemble
experimental data while the solid lines are calculated. From the
latter, the oxidation rate of the samples CoPd-Oy os, CoPd-Oy s, and
CoPd-Oy 49 are derived to be 5%, 25%, and 40%, respectively. At the
bottom, CoPd-O XAS (simulated by LEM) and XMCD (calculated
by linear combination) spectra are shown.
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TABLE I. The evaluated spin (mg), orbital (m,), and total (mgs + m,) magnetic moments for Co and CoPd adatoms in pp/d-hole are
shown together with the ratio m /mg. Except CoPd-O, all magnetic moments result from experimental spectra.

Cluster myp +mg mg mp, mL/ms

Co 0.57 £ 0.09 0.45 + 0.06 0.12 £ 0.03 0.27 £ 0.06
CoPd 0.64 £+ 0.10 0.46 + 0.06 0.18 £ 0.04 0.39 £ 0.06
CoPd-Oq 05 0.58 + 0.09 0.42 + 0.05 0.16 £ 0.04 0.39 £ 0.06
CoPd-Oy s 0.33 £ 0.06 0.24 + 0.03 0.09 £ 0.03 0.38 £ 0.06
CoPd-Oy 49 0.17 £ 0.04 0.12 + 0.02 0.05 £ 0.02 0.37 £ 0.06
Co-O —0.04 £ 0.02 —0.03 £ 0.01 —0.01 £ 0.005 0.34 + 0.11
CoPd-O —0.40 £ 0.14 —0.29 £+ 0.09 —0.11 £ 0.04 0.38 £ 0.11

By using the same fitting procedure as described earlier
for CoPd-Og4, the CoPd-O contribution of the additional
samples were determined. The oxidation rates for CoPd-Oy s
and CoPd-Og s are 5+ 5% and 25 &£ 5%, respectively, as
already indicated by the indices. From the derived sample
compositions, the experimental XMCD signals were fitted
[Fig. 4(b), solid lines]. The calculated spectra fit nicely the
experimental data.

The well-known sum rules [35-37] allow us to determine

the effective spin magnetic moment mgff, the orbital magnetic

moment my, and the orbital to spin ratio my/ mgff from
the XMCD spectra. The effective spin magnetic moment,
m$" = mg + Tm,, consists of the spin magnetic moment m
and the magnetic dipole moment m,. The latter accounts for
the asphericity of the spin moment distribution and cannot be
neglected in cluster systems [38]. In the following, we will
refer to m‘gff as an effective spin moment denoted for simplicity
as mg. The evaluated magnetic moments are shown in Table I
and Fig. 5 in units of u g /d-hole. Note that except of CoPd-O,
all moments are evaluated directly from the experimental

data.
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FIG. 5. The effective magnetic spin moment mg" for the Co and
CoPd dimer is plotted in dependence to the oxidation rate. The
negative values of Co-O and CoPd-O indicate an antiparallel coupling
to the Ni substrate. The moment of CoPd-O is obtained by a linear
extrapolation, as discussed in the text.

The value for the Co adatom is in good agreement with
earlier measurements [19]. For CoPd, the spin moment is
similar to the Co atom while the orbital moment is about 35%
enhanced. Thus, the orbital to spin ratio increases by 30%. If
the oxidation ratio of the CoPd dimers increases, the spin and
orbital moments are decreasing linearly, as indicated for the
spin moment in Fig. 5. Consequently, the orbital to spin ratio
is almost constant and independent of the oxidation ratio. The
negative sign for Co-O and CoPd-O describes the antiparallel
coupling of the Co moments relative to the Ni. Compared to
the Co adatom the total magnetic moment of Co-O is almost
quenched from 0.57 to —0.04. In contrast, the total moment
of CoPd-O is reduced only by 40% with respect to the CoPd.
Alloying Co and Co-O with Pd has diverse influence on the
orbital and spin magnetic moment. While alloying of a Co
adatom with Pd shows relatively moderate changes of the
magnetic moments, both the orbital and spin magnetic moment
are remarkably enhanced by one order if a Pd atom is added
to Co-O.

IV. CONCLUSIONS

In this paper, we have shown how the magnetic moments of
a Co adatom and a CoPd dimer on Ni/Cu(100) are influenced
by oxidation. Samples with different oxidation rates have been
prepared by setting the time between the preparation of the Ni
film and the deposition of the adsorbates. Unfortunately, the
mechanism behind the oxidation process remains unclear. The
XMCD spectra show an oxidation induced spin reorientation
for Co-O on Ni/Cu(100). Samples with increased oxidation
ratios exhibit reduced dichroism thus, a similar reorientation
for CoPd-O is reasonable. Co and CoPd are ferromagnetically
coupled while Co-O and CoPd-O are antiferromagnetically
coupled with respect to the Ni film. Whereas the magnetic
moment of Co-O is almost quenched, the extrapolated moment
of CoPd-O is reduced only by 40% with respect to CoPd.
Remarkably, the CoPd-O orbital and spin magnetic moments
increase by one order if a Pd atom is added to Co-O.
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