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Abstract. Magnetic properties of gadolinium clusters deposited on magnetic ultrathin Fe/Cu(100) films
have been measured using X-ray Magnetic Circular Dichroism spectroscopy (XMCD). 3d → 4f as well as
4d → 4f absorption spectra are presented and discussed. Changes in the relative peak intensities between
the monomer, dimer and the corresponding monoxides are observed for the 4d → 4f 8D7/2 multiplets. The
comparison with bulk measurements and calculations exhibit a transition from atomic like to bulk like
properties.

PACS. 75.75.+a Magnetic properties of nanostructures – 75.70.-i Magnetic properties of thin films, sur-
faces, and interfaces – 75.50.Cc Other ferromagnetic metals and alloys

1 Introduction

Rare earth elements are characterized by their open f
shells, giving rise to large magnetic moments. A prominent
example of the lanthanides is gadolinium, showing dis-
tinct magnetic properties. As one of the four elements be-
ing ferromagnetic at room temperature (Fe, Co, Ni, Gd),
the electronic ground state of free gadolinium atoms is
[Xe]4f75d16s2, consisting of seven unpaired 4f electrons
(S = 7/2, L = 0), one 5d electron (S = 1/2, L = 2)
and two 6s electrons (S = 0, L = 0). Due to its exactly
half filled f -shell and hence, the rather simple electronic
structure, gadolinium is an interesting model system for
the exploration of its magnetic properties. According to
Hund’s rules, the spin moment is at maximum and the
orbital magnetic moment vanishes for the f -electrons. For
free gadolinium atoms, the magnetic moments of the 4f -
and 5d-electrons couple to a total magnetic moment of
6.53 µB; the 6s-electrons do not contribute to the total
magnetic moment, as they couple to zero.

In the case of gadolinium bulk, the situation changes.
Direct exchange interaction between the 4f electrons of
gadolinium and 4f orbitals of neighboring atoms can
be neglected due to the localized character of the 4f
electrons. However, the 5d and 6s valence-electrons are
delocalized in bulk-like systems. Therefore exchange cou-
pling of the 4f electrons can be mediated by the valence
electrons. This interaction gives rise to magnetic ordering
in bulk-like systems, as the intra-atomic 4f -valence
exchange induces interatomic magnetic coupling of the lo-
calized f states, resulting in a macroscopic magnetization.
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This type of indirect ferromagnetic ordering ist called
Ruderman-Kittel-Kasuya-Yosida exchange interaction
(RKKY). For Gd bulk a ferromagnetic ordering is found.
However quite complicated magnetic ordering with canted
spins is found for some of the other rare earth elements
e.g. for Ho or Dy [1].

Due to the fact that there is only one electron in the 5d
states, its contribution to the magnetic moment is com-
parably small. A total magnetic moment of 7.55 µB per
atom [2] is found for gadolinium bulk experimentally and
the difference to the free atom value has its origin in a
different coupling of the d-electron moments.

High total magnetic moments of gadolinium have been
demonstrated by electron-spin-resonance (ESR) measure-
ments for gadolinium dimers in rare gas (Kr, Ar) matri-
ces [3]. Here, the gadolinium dimer shows a ferromagnetic
coupling between all unpaired electrons giving rise to an
overall magnetic moment of 8.82 µB per atom. The mag-
netic properties of gadolinium depend strongly on the co-
ordination of the Gd-atoms.

In the literature, a discussion on the magnetic proper-
ties of the gadolinium (0001) surface is ongoing. Due to
breaking of the symmetry at the surface, modified mag-
netic properties are found for the surface gadolinium lay-
ers. In the focus are effects like surface enhanced magnetic
ordering (SEMO) [4–9], enhanced Curie temperatures for
the surface layer, as well as an interplay between ferro-
magnetic (FM) [8,10] and antiferromagnetic (AF) [4,5,7,
11] coupling of the surface moments to the bulk moments.
As a consequence of the interplay, thermal induced surface
spin reorientation transitions [6,12] are found.

These results obviously display interesting open ques-
tions in the field of magnetic properties of rare earth
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system and in particular of gadolinium in reduced dimen-
sions. By further reduction of the size and the coordina-
tion, as it is for clusters, the effects are expected to become
more important. Here, the Gd13 cluster has evolved as a
model system for Heisenberg calculations of the magnetic
properties of free gadolinium clusters [12–15]. To gain in-
sight in the RKKY-type magnetic coupling mechanism,
competing ferromagnetic nearest neighbor and antiferro-
magnetic next-nearest neighbor coupling are modelled.
Canted spin configurations in relation to the geometric
structure are one of the major issues of these calculations.

These model calculations were stimulated by Stern-
Gerlach type experiments for free gadolinium clus-
ters [16–18]. A strong size dependence of the magnetic
moments is observed in the clusters, which manifests it-
self in a strong reduction of the magnetic moments with
increasing cluster size. Moments between 2.94 µB and
3.88 µB per atom are found using a locked moment model
(11–30 atoms per cluster [16,17]), and moments between
5.4 and 5.0 µB per atom are found by the application of
a superparamagnetic model (13, 21, 22 atoms per clus-
ter [18]). To explain these strongly reduced magnetic mo-
ments, the authors suggest a non-collinear spin alignment
between the 4f spin moments at the atomic sites, thereby
confirming the model calculations discussed before.

Non-collinear alignment of the atomic spin moments is
consistently observed for deposited gadolinium nanoclus-
ters in experimental [19,20] and theoretical studies [21,22].
Here, reduced magnetic moments for particles up to 3 nm
are found, and therefore again the magnetic behavior de-
viates from the bulk-like [21].

We have investigated Gd atoms and dimers and their
respective mono-oxids in contact with a ferromagnetic sur-
face to study the influence of atomic coordination and cou-
pling to neighboring atoms on the magnetic properties.
In the following we will present results based on X-Ray
Magnetic Circular Dichroism (XMCD) measurements of
3d → 4f and 4d → 4f absorption resonances.

2 Experimental

The magnetic properties of the cluster samples are ac-
cessed using X-ray Absorption Spectroscopy (XAS) utiliz-
ing circular polarized X-rays for excitation (XMCD). Its
element specifity and ability to determine spin and orbital
magnetic moments make it an ideal tool to investigate the
magnetic properties of dilute cluster samples.

The gadolinium clusters are produced by high energy
ion sputtering using 30 keV Xe+ ions to erode the cluster
material and thereby produce the clusters. To optimize
the yield of the sputter process, a high purity gadolin-
ium target (99.9% Goodfellow) is used as target mate-
rial which prevents the production of impure clusters. The
positively charged cluster ions are collected and acceler-
ated by an electrostatic lens system to a kinetic energy
of 500 eV. To mass separate the various clusters sizes,
the beam is deflected using a magnetic dipole field featur-
ing a resolution of m/∆m ≈ 50. To reduce fragmentation
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Fig. 1. Mass spectrum of free gadolinium clusters with 500 eV
kinetic energy. The clusters can partly be prevented from oxide
formation.

and implantation into the substrate surface during depo-
sition, the clusters are refocused and decelerated down to
a kinetic energy 1 eV per atom. In addition, a soft landing
scheme [23,24] is used during cluster deposition, where ar-
gon condensated onto the sample surface is used as buffer
system. This scheme effectively suppresses fragmentation
during cluster deposition [25,26]. The argon is desorbed by
flash heating to ≈80 K before the measurements and the
clusters are thereby directly supported by the substrate
surface. The argon layer thickness has been controlled us-
ing XPS. A layer thickness of ∼5 ML of argon is used to
ensure soft landing conditions.

Low sample temperatures (∼30K) are used to in-
hibit cluster agglomeration and therefore, in combina-
tion with low cluster coverages (3% of a monolayer, i.e.
≈1013 atoms/cm2), the cluster-cluster interaction can be
neglected.

The production and mass separation of the clusters is
carried out at a base pressure of 1 × 10−8 mbar. The de-
tailed description of the cluster source and its capabilities
is given in [27].

A mass spectrum of gadolinium is given in Figure 1.
The gadolinium clusters are easily oxidized, therefore only
a small size range of the clusters can be separated from
their oxides and the yield for larger cluster sizes drops
drastically. However, gadolinium monomers, dimers and
their monoxides can be separated and have been prepared
in this work.

Because the average magnetic properties of many
clusters are measured in X-ray absorption spectroscopy
(∼1011 atoms), the magnetic moments of the clusters
have to be aligned. This was realized by depositing the
gadolinium clusters onto ultrathin remanently magnetized
Fe/Cu(100) films. The iron layer thickness was hereby cho-
sen in the range of ∼3–5 monolayers, so that perpendicular
magnetic anisotropy [28–30] is observed. Thereby, the di-
rection of the magnetic field can be aligned parallel to the
photon helicity in normal incidence geometry. The out of
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Fig. 2. (Color online) (a) Example of the background subtraction at the Gd 3d edges for a Gd2 sample. The strong variation
of the background is due to an EXAFS wiggle of the Fe/Cu(100) substrate. The solid green line is a higher order polynomial,
which is fitted to the background outside the Gd resonances. (b) 3d5/2,3/2 X-ray magnetic dichroism, sum and difference spectra
of GdO. (c) 3d → 4f difference spectra of the Gd, Gd2 and their monoxides. No change in the spectra for the various clusters
is observed.

plane magnetism of the iron films is probed and controlled
using XMCD (see below).

All these measurements have been carried out at a base
pressure below p < 2× 10−10 mbar and a sample temper-
ature of 20 K. As a measure for the X-ray absorption, the
Total Electron Yield (TEY), in our experiment the total
sample current, is recorded.

The experiments have been carried out at beamline
UE56/1-PGM and UE52-SGM at the BESSY II storage
ring in Berlin and the cluster samples have been prepared
in situ at the synchrotron. The 4d → 4f spectra are mea-
sured in an energy range of 135 to 160 eV with a step
width and a beamline resolution of 200 meV. A counting
time of 4 s per data point has been used for each photon
helicity. The beamline resolution for the 3d → 4f spectra
and the step width was set to 300 meV. An energy range
of 1170 to 1240 eV and 4 s counting time per data point
have been used for the measurements.

For extracting the magnetic properties from the mea-
sured spectra, the following data treatment has been ap-
plied for both, the 3d → 4f and 4d → 4f XMCD spec-
tra. For the normalization on the incident photon flux,
the cluster spectra have been divided by reference spec-
tra of the refocussing mirror. To account for the back-
ground of the dilute cluster samples, cluster free spectra
in the energy region of the gadolinium absorption have
been measured. Subsequently, the cluster spectra are di-
vided by these background spectra. Subtraction is in this
case less applicable [31] and therefore the results presented
in this work are determined from the spectra corrected for
by division. Difference and sum spectra are generated by
subtraction and addition of the spectra measured with dif-
ferent photon helicity. A straight line has been fitted to
and subtracted from the difference and sum spectra to re-
move a drift. Normalized dichroism spectra of the 4d → 4f

spectra are generated by normalizing the difference spec-
tra onto the sum spectra of each cluster preparation.

The magnetism of the Fe films supporting the clus-
ters has been monitored by recording Fe 2p → 3d XMCD
spectra. A standard procedure for the data evaluation
has been used, including the subtraction of a double-
step function with a 2:1 step ratio. Applying XMCD sum
rules, average values for the spin magnetic moments of
ms = 1.9 ± 0.1 µB and for the orbital magnetic moments
of mo = 0.06 ± 0.04 µB are found. Here, the magnetic
moments have been corrected for a degree of polarization
of the circular polarized photons of 90% and the number
of d-holes set to nh = 3.4 [32,33]. The spin magnetic mo-
ments are found to be stable for the various preparations.

3 Results and discussion

At first, the results of the measurements at the gadolin-
ium 3d absorption edges will be presented and discussed.
The 3d core electrons are mainly excited into unoccupied
4f states, as the radial matrix element of the 3d → 6p
excitation is small compared to the 3d → 4f excitation.
Therefore, the properties of the unoccupied 4f states are
probed in this absorption experiment. Figure 2b shows
XMCD spectra of the gadolinium 3d3/2,5/2 resonances of
GdO deposited onto the iron surface. The corresponding
sum (top) and difference spectra (bottom) are appended
to the graph. In these spectra the main features consist of
the two maxima of the spin-orbit split 3d5/2,3/2 core lev-
els. Figure 2c shows difference spectra of Gd, GdO, Gd2

and Gd2O. The sign of the 3d5/2 and 3d3/2 areas in the
difference spectra are the same. This observation has its
origin in the coupling to the iron underlayer and means
that the moments of the various gadolinium samples cou-
ple in the same way to the iron substrate. Comparing iron
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2p → 3d asymmetries with the asymmetries of the gadolin-
ium 3d → 4f , the sign of the 2p3/2 and 3d5/2 as well as
2p1/2 and 3d3/2 areas are opposite in the dichroism spec-
tra. This behavior is a result of an antiferromagnetic cou-
pling between the cluster magnetic moments and the iron
layers. The antiferromagnetic coupling observed refers to
the coupling between the Gd 4f and Fe 3d magnetic mo-
ments. The antiferromagnetic coupling between magnetic
moments of iron and rare earth elements is well-known
from experiments [34–36] and originates from spin depen-
dent hybridization. This effect is well described by the
model of Brooks and Johansson [37,38]. However, coupling
between the support and a cluster could be different, but
our experimental results show clearly anti-ferromagnetic
coupling.

Sum spectra generated from the spectra measured with
circular polarized photons are comparable to spectra mea-
sured with linear polarized light with the direction of the
electric field vector oriented parallel to the substrate sur-
face. Comparing the sum spectra of the cluster prepara-
tions with each other, no difference within these spectra is
observed. In addition, the comparison of the cluster spec-
tra with XA spectra of gadolinium bulk [39] gives again
no qualitative difference in the shape and structure of the
gadolinium 3d → 4f absorption spectra.

The major difference in the electronic structure be-
tween free atoms, clusters and bulk is the increasing de-
localization of the (5d6s)3 valence states for bulk-like sys-
tems and changes between deposited atoms, clusters and
bulk are expected, whereas the structure of the localized
4f states remain unaffected. The strong similarity between
3d → 4f cluster and bulk spectra indicates a negligible in-
fluence of a change in the (5d6s)3 valence states on the 4f
states. This behavior is approved by a comparison with
europium 3d → 4f XA spectra [39]. Generally, europium
is an interesting model system for the understanding of
the electronic, and thereby the magnetic, properties of
gadolinium, as its electronic ground state is [Xe]4f76s2

and the only difference between europium and gadolin-
ium free atoms is the missing 5d electron for europium.
The comparison of the shape of europium and gadolin-
ium XA bulk spectra shows no difference for the 3d5/2,3/2

resonances. Thus, the absence of the 5d electron, as an ex-
treme case of a change in the (5d6s)3 valence states, has
no impact on the shape of the 3d → 4f absorption spectra
and therefore on the properties of the 4f states.

Therefore, as a first result we can conclude from the
sum spectra, that the electronic structure of the 4f states
is not affected by changing the 5d occupancy, because no
change is observed in the peak positions, the peak shapes
or the relative intensities for the different prepared clusters
as compared to bulk or surface spectra.

Figure 2c shows 3d → 4f dichroism spectra of the pre-
pared gadolinium samples. The height of the 3d5/2 max-
imum is set to one, to visualize changes in the various
samples. Here, no qualitative and quantitative changes
between gadolinium monomers and dimers are observed
in the 3d → 4f dichroism spectra. In addition, monox-
ide formation leaves the spectral properties unchanged
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Fig. 3. Results of Hartree-Fock calculations of free Gd3+

atoms. Difference and sum spectra are shown. For details see
text.

within the statistical limits. This null effect can be under-
stood by a close look to the cluster-substrate interaction.
Due to their strong localization, no relevant overlap be-
tween the 4f orbitals and orbitals of surrounding atoms is
present. Therefore it is expected that their properties, in
particular the magnetic ones, remain unchanged within a
change of the coordination or oxidation state. The align-
ment of the 4f magnetic moments is maintained via the
indirect RKKY-type exchange coupling. Here, the 5d elec-
trons mediate the interatomic exchange coupling between
the iron 3d and gadolinium 4f electrons. The gadolinium
5d electrons are expected to be strongly influenced by the
surrounding of the gadolinium atoms, as the d electrons
are strongly delocalized in bulk-like systems. The rising
delocalization of d-electrons has been shown in another
investigation [41] for small deposited clusters of the tran-
sition metal chromium. To sum up, the identity of the
3d → 4f dichroism for the investigated gadolinium sys-
tems is expected, as the 4f magnetism is not influenced by
the surrounding. The coupling to the iron substrate does
not, beside the magnetic alignment due to the exchange
coupling via the 5d electrons, influence the 4f magnetic
properties.

To compare the measured cluster spectra with theory,
we performed Hartree-Fock (HF) calculations including
relativistic extensions using Cowan’s code [42] and the
extended Fano theory [43]. A detailed description of the
MCD calculations is given in [44,45]. The calculations
have been performed on free Gd3+ atoms, hereby disre-
garding the contribution of the (5d6s)3 valence states. The
resulting sum and difference spectra are displayed in Fig-
ure 3. They clearly show a close resemblance to the mea-
sured spectra of the gadolinium samples presented in this
work. All the features in the calculations can be found
in the measured spectra. Since the spectra are calculated
by only taking the 4f states into account and no changes
to the cluster spectra presented in Figure 2 are observ-
able, the picture of negligible influences of a change in the
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valence state configuration on the 3d → 4f absorption
spectra is strengthened.

In the introduction, changes of the average magnetic
moments per atom of free clusters were reported in con-
trast to the unchanged magnetic properties of the f -states
shown for deposited monomers and dimers. The magnetic
moments of the free cluster atoms are not pinned along a
magnetization axis of a substrate and the reduced mag-
netic moments were thus explained by canted inner-cluster
4f spin structures. These canted spin-structures are not
likely for the small deposited clusters, as the exchange
interaction with the substrate forces the moments into
antiparallel alignment and the 4f moments remain due
to their localization unchanged. A similar result has been
obtained for mass selected Crn clusters deposited on a
magnetized Fe/Cu(100) system [46]. Here for a deposited
Cr dimer at first a non collinear magnetic coupling is ex-
pected. However, due to the strong coupling to the Fe sub-
strate the Cr2 cluster is forced into a collinear coupling.
Nevertheless, canted spin structures might be important
for non-magnetic supports.

These findings are confirmed by XMCD studies of
Gd-TM alloys [35,47,48] and by a study of EuSe nanois-
lands [49]. Here, the shape and the structure of the dichro-
ism spectra are in good accordance with the results pre-
sented in this study and no qualitative change is observed.
This equality confirms the unchanged magnetic properties
of the localized 4f electrons in these systems.

As these measurements are on the verge of feasibility,
the application of the sum rules [50,51] on the 3d → 4f
XMCD spectra for the determination of spin- and orbital
magnetic moments is limited. In the following the difficul-
ties are explained on the basis of the spin moments. The
signal to noise ratio is in this energy region due to the
low cluster coverage and the low beamline flux small. In
addition, an EXAFS wiggle of the Fe/Cu(100) substrate
interferes with the 3d5/2,3/2 resonances, so that a proper
background treatment is grievous. In turn, the determi-
nation of a proper step function to the sum spectra is
impossible.

Therefore, a higher order polynomial was fitted and
subtracted from the spectra; an example of this back-
ground subtraction is depicted in Figure 2a for a Gd2 sam-
ple. In contrast to the late 3d elements (Fe, Co, Ni) the
excitation into continuum states is located above the 3d
resonances. Furthermore the associated step functions are
much smaller. Hence, a complicated step function treat-
ment as for the 3d elements is not necessary and is already
included in our background treatment.

From these spectra the expectation values for the spin
and orbital magnetic moments can be extracted by using
the sum rules [50,51]

µL = 2nh

∫
M5+M4

(µ+ − µ−)
∫

M5+M4
(µ+ + µ−)

µB

µS = 2nh

∫
M5

(µ+−µ−)− 3
2

∫
M4

(µ+−µ−)
∫

M5+M4
(µ++µ−)

µB +6〈Tz〉µB.

Table 1. Spin and orbital magnetic moments for several Gd
and GdO clusters per f -hole. All values are given in units of
µB. The errors are ∆µS = ±0.05 µB , ∆µL = ±0.04 µB and
±0.02 for the ratio.

Cluster µS µL µL/µS

Gd1 0.76 0.10 0.13
Gd2 0.81 0.10 0.12
Gd1O 0.80 0.10 0.13
Gd2O 0.78 0.11 0.14

The results of this sum rule analysis are shown in Table 1.
For all clusters the same orbital and spin moments in the
order of µL = 0.10 ± 0.04 µB and µS = 0.79 ± 0.05 µB

per f -hole are found. Thus, per Gd atom a total magnetic
moment of 6.2±0.4 µB is found. This value is close to the
value of 6.53 µB, which is found for the free gadolinium
atom. In the atom the reduction of the total moment from
the value expected for the half-filled 4f shell is due to
the coupling of the 4f7 electrons with the 5d electron.
However, in our XMCD experiments only the 4f electrons
are probed. Hence the reduced moment and the non-zero
orbital contribution is somewhat surprisingly.

The application of sum rules to the 4f elements is not
as straightforward, as for the late 3d elements, as has been
shown e.g. by Ankudinov et al. [52] for the 5d electrons in
Tb. Thus, for the absolute values of the magnetic moments
one has to add a systematic error. Nevertheless, this error
should not change strongly with the cluster size, so the
magnetic moments of the different cluster sizes can still
be compared.

Let’s now focus on the results of the 4d → 4f absorp-
tion. In Figure 4a, XA spectra of the gadolinium monomer
measured with circular polarized light (XMCD) are pre-
sented. The typical gadolinium 4d → 4f “giant resonance”
is found, accompanied by pre-threshold multiplets in the
lower photon energy region. Due to the large photoioniza-
tion cross section and a much higher photon flux of the
beamline in this energy region, the signal to noise ratio of
the 4d → 4f absorption spectra is significantly enhanced
compared to the 3d → 4f spectra.

The giant resonances have their origin in the compe-
tition between a direct and an indirect photo excitation
process. The direct photoemission 4fn → 4fn−1εl channel
hereby quantum mechanically interferes with the indirect
channel 4fn → 4d94fn+1 SCK−→ 4fn−1εl, whose 4d94fn+1

intermediate state decays through a Super Coster-Kronig
(SCK) Auger decay into the same final state as the one
of the direct photoemission channel. The resulting peak
profile can be described using the theory of Fano [53].

XMCD spectra of the gadolinium 4d → 4f giant reso-
nances have been measured for the monomer, dimer and
their monoxides deposited onto the iron substrate. Qual-
itatively, no size dependence is found in the absorption
spectra of the monomer and dimer preparations, i.e. the
giant 4d → 4f resonance and the maxima of the pre-edge
multiplet structure are found in all clusters. XMCD spec-
tra of thin gadolinium films measured by Starke et al. [40]
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Fig. 4. (Color online) (a) 4d → 4f X-ray absorption spectra measured with circular polarized light (XMCD) of a gadolinium
monomer preparation. (b) Corresponding difference and sum spectra. The allocation of the multiplets is taken from [40].
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Fig. 5. (Color online) Spec-
tra of normalized dichroism of
the (a) gadolinium monomer
and its monoxide preparations
(b) gadolinium dimer and its
monoxide preparations.

are comparable in its shape and no qualitative difference
between cluster and thin film spectra is present.

To gain deeper insight in the magnetic properties of
these samples, difference and sum spectra are generated.
Figure 4b shows, as an example, the resulting spectra for
the monomer. Magnetic ordering of the clusters is achieved
due to the exchange interaction with the iron substrate, as
described above. Magnetic order results in a nonzero dif-
ference spectrum. Both, the giant resonance as well as the
pre-peak multiplets contribute to the dichroic signal in the
difference spectrum. The assignment of the multiplets, as
presented in Figure 4b, is taken from Starke et al. [40]. As
reported before [40], the states with angular momentum
J = 9/2 contribute with negative sign to the difference
spectra, whereas states with angular momentum J = 7/2,
5/2 with positive sign. The comparison of the cluster spec-
tra with spectra of thin films [40] show, that all peaks are
reproduced in the difference spectra of the clusters.

To visualize differences in the spectra of the various
cluster preparations, normalized dichroism spectra are
gained by the division of the difference spectra by the

corresponding sum spectra. The normalized dichroism is
an entity being determined with high accuracy, because
many factors affecting the dichroic signal, like e.g. insuffi-
cient background correction and nonlinearities, cancel due
to the normalization out. Figure 5a shows the normalized
dichroism spectra of the monomer and monomer monox-
ide preparations, Figure 5b the dimer and dimer monox-
ide spectra. Within the statistical limits, no difference be-
tween the spectra of the pure clusters and their monoxides
is found. In consequence, average spectra consisting of the
cluster and monoxide spectra have been generated for the
monomer and dimer preparations, separately. For compar-
ison with gadolinium bulk and calculations of free gadolin-
ium atoms, the results of the measurements and calcul-
cations of Starke et al. [40] have been used to determine
the corresponding normalized dichroism. Figure 6 contains
the average spectra of the normalized dichroism of the
monomer and dimer preparations as well as the results of
thin films and the free atoms calculation. The spectra pre-
sented are set to one at an excitation energy of 146.6 eV,
to visualize changes in the relative peak intensities
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Fig. 6. (Color online) Average normalized dichroism spectra
of the monomer and dimer. Bulk and theory spectra are taken
from [40]. To visualize relative intensity changes, all spectra
have been normalized to one at an arbitrarily chosen photon
energy of 146.6 eV.

and cancel differences in the magnetization of the iron
substrate.

The comparison clearly shows a close similarity be-
tween the spectra of the cluster, the thin film and the free
atoms calculation. This is an expected behavior, as the
4d electrons are excited into localized 4f states, as dis-
cussed before. Despite of these findings, multiplets with
an angular momentum J = 7/2 (8D7/2) show a strong
size dependence. The strongest deviation with cluster size
is apparently observed for transitions with ∆J = 0, as
the gadolinium ground state is 8S7/2. The deviation from
the bulk values is strongest for the monomer, thereby re-
flecting a transition from atomic-like towards bulk-like be-
havior. But why do we observe a size dependent change
of the intensities at all? The answer can be found in the
comparison of gadolinium with europium 4d → 4f dichro-
ism spectra. Ogasawara et al. [54] performed calculations
of gadolinium and europium 4d → 4f absorption spec-
tra. The calculated spectra show small deviations between
europium and gadolinium in the intensity ratios of the
pre-edge multiplet structure. Muto et al. [55] have mea-
sured bulk-like europium and gadolinium 4d → 4f XMCD
spectra, showing small changes between gadolinium and
europium in the multiplet structure, which are visible de-
spite the low signal to noise ratio in the europium spec-
tra. As discussed above, the difference between gadolin-
ium and europium is in the d-electron count. In contrast
to the localized character of the 4f states, the gadolinium
5d electrons are expected to be strongly influenced by the
environment of the atom. In particular, the 5d density
of states delocalizes with rising cluster size. This effect is
well-known from previous experiments on 3d TM systems
and has been shown for small deposited chromium clus-
ters [41]. Therefore electronic properties of the gadolinium
5d electrons are expected to be strongly site dependent
(cluster size, oxidation state). When going from an atom

towards bulk like structures, the 5d electron of gadolinium
strongly delocalizes with increasing cluster size and the
d-electron count at the atomic site is reduced. Therefore,
a change in the d-electron count at the atomic gadolin-
ium site is a change qualitatively comparable with the
difference between Eu and Gd. The observed change in
the relative intensities in the normalized dichroism can
thus be explained by differences in the delocalization of
the gadolinium 5d electron. Surprisingly this effect seems
to be larger for the transition from atom to dimer as com-
pared to Gd atom and GdO.

4 Conclusions

Gadolinium monomers, dimers and their monoxides have
been deposited and measured onto ultrathin magnetized
iron films using XMCD spectroscopy. An antiferromag-
netic coupling of the 4f magnetic moments is, consistently
with previous findings, for all prepared samples observed.
No change between different cluster sizes and their monox-
ides is found for the 3d → 4f resonances with in limita-
tions of this experiment, fortifying the picture of localized
4f states.

The 4d → 4f absorption structure shows also no qual-
itative change of the spectral shape when going from the
monomer to the dimer. Additionally, the monoxide forma-
tion induces no changes in the 4d → 4f XMCD spectra.
This can be explained by the strong gadolinium-substrate
interaction, which dominated the system, therefore, avoid-
ing canted spin alignments.

However, a variation of the relative peak intensities is
found for the pre peak structure of the 4d giant resonance
and in particular for the 8D7/2 multiplet. The strongest
size dependence is found for transitions with angular mo-
mentum ∆J = 0.
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31. J. Stöhr, NEXAFS Spectroscopy, volume 25 of Springer

Series in Surface Science (Springer, Berlin Heidelberg New
York, 1992)

32. W. Kuch, M. Salvietti, X. Gao, M.-T. Lin, M. Klaua,
J. Barthel, C.V. Mohan, J. Kirschner, Phys. Rev. B 58,
8556 (1998)

33. P. James, O. Eriksson, B. Johansson, I.A. Abrikosov, Phys.
Rev. B 59, 419 (1999)

34. C. Carbone, E. Kisker, Phys. Rev. B 36, R1280 (1987)
35. T. Hatano, S.-Y. Park, T. Hanyu, T. Miyahara, J. Electron

Spectrosc. Relat. Phenom. 78, 217 (1996)
36. G. Panaccione, P. Torelli, G. Rossi, G. van der Laan,

M. Sacchi, F. Sirotti, Phys. Rev. B 58, R5916 (1998)
37. M.S.S. Brooks, O. Eriksson, B. Johansson, J. Phys.:

Condens. Matter 1, 5861 (1989)
38. B. Johansson, L. Nordström, O. Eriksson, M.S.S. Brooks,

Phys. Scr. T 39, 100 (1991)
39. B. Thole, G. van der Laan, J. Fuggle, G. Sawatzky,

R. Karnatak, J.-M. Esteva, Phys. Rev. B 32, 5107 (1985)
40. K. Starke, E. Navas, E. Arenholz, Z. Hu, L. Baumgarten,

G. van der Laan, C.T. Chen, G. Kaindl, Phys. Rev. B 55,
2672 (1997)

41. M. Reif, L. Glaser, M. Martins, W. Wurth, Phys. Rev. B
72, 155405 (2005)

42. R.D. Cowan, The Theory of Atomic Structure and Spectra
(University of California Press, Berkeley, 1981)

43. F.H. Mies, Phys. Rev. 175, 164 (1968)
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(2007)

47. M. Mizumaki, K. Yano, I. Umehara, F. Ishikawa, K. Sato,
A. Koizumi, N. Sakai, T. Muro, Phys. Rev. B 67, 132404
(2003)

48. S. Qiao, A. Kimura, H. Adachi, K. Iori, K. Miyamoto,
T. Xie, H. Namatame, M. Taniguchi, A. Tanaka, T. Muro,
et al., Phys. Rev. B 70, 134418 (2004)
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