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Size-Dependent Magnetism of Deposited Small Iron Clusters Studied
by X-Ray Magnetic Circular Dichroism
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The size-dependent magnetic properties of small iron clusters deposited on ultrathin nickel films have
been studied with circularly polarized synchrotron radiation. With the use of sum rules, orbital and spin
magnetic moments have been extracted from x-ray magnetic circular dichroism spectra. The ratio of
orbital to spin magnetic moments varies considerably with cluster size, reflecting the dependence of
magnetic properties on cluster size and geometry. These variations can be explained in terms of enhanced

orbital moments in small clusters.
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Transition metal clusters are important model systems to
study the evolution of magnetic and electronic properties
from single atoms to bulk metals. According to Hund’s
rules, magnetic moments are maximized in free atoms. In
bulk metals, the spin moments are weakened, leaving only
iron, cobalt, and nickel as ferromagnetic elements at room
temperature. In addition, the orbital magnetic moment is
quenched by the crystal field. In Stern-Gerlach experi-
ments on cluster beams [1-4], small clusters have been
shown to exhibit superparamagnetic [5] behavior. Their
magnetic moments are enhanced over the respective bulk
values and show significant size-dependent variations. The
bulk values of the magnetic moments are approached only
for clusters of several hundred atoms [1-4]. Similar en-
hancements were also found in theoretical studies of small
iron clusters [6], adatoms [7,8], nanostructures [9], and
monolayers [10].

Magnetic properties of supported clusters and nano-
structures are receiving considerable interest due to ad-
vances in both experimental and theoretical techniques
[11]. Research in this field has been particularly stimulated
by the availability of circularly polarized soft x-rays from
third generation synchrotron radiation facilities, enabling
investigations of magnetic properties in a polarization
dependent x-ray absorption spectroscopy (XAS) experi-
ment [12]. One of the major advantages of core level
XAS over other techniques is its element specificity and
its high sensitivity. With sufficiently high photon flux, even
extremely diluted samples such as submonolayer cover-
ages of size selected clusters deposited onto surfaces can
be studied by XAS [13,14] and x-ray magnetic circular
dichroism (XMCD). Within the theoretical framework of
XMCD sum rules [15-18], the spin and orbital contribu-
tions to the magnetic moments of the cluster atoms can be
separated. To probe the magnetic properties of 3d ferro-
magnets, XAS at the 2p edges, where electron transitions
are predominantly into empty 3d states, is well suited,
since the magnetic moments in this case are entirely
carried by the 3d electrons.
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Although thin films of larger iron nanoclusters with an
average cluster size of a few hundred atoms have already
been investigated by XMCD [19,20], truly size selected
small transition metal clusters on surfaces have not been
studied previously. Several XMCD studies, however, have
been performed on ultrathin magnetic films on various
substrates [21-25], characterizing their orbital and spin
magnetic moments.

To study the size-dependent magnetic properties of
small iron clusters, we have performed XMCD measure-
ments on well-defined samples of size selected Fe, clusters
(n = 2-9), deposited in UHV onto out-of-plane magne-
tized Ni/Cu(001).

In this experiment, small Fe; clusters are produced by
Xe* sputtering of a high purity (99.95%) iron target and
injected into a transverse magnetic dipole field for size
separation. The resulting size selected clusters are decel-
erated to less than 2 eV /atom, well below the iron cluster
bond energies [26], and refocused onto a magnetized
Ni/Cu(001) substrate. To prevent fragmentation upon
deposition of the clusters, soft landing [27] is achieved
by precovering the substrate with argon multilayers at
=15 K. After Fe, deposition, the argon buffer layers are
desorbed by flash heating the sample to 100 K. To inhibit
agglomeration and island formation, cluster coverages are
chosen to be less than 0.03 monolayers (ML), i.e., three
iron cluster atoms per 100 nickel surface atoms, and,
except for argon desorption, the cluster sample is kept at
15-20 K throughout the experiment. It has been demon-
strated by us [13,14] and other groups [27] that this ex-
perimental procedure leads to deposited clusters of well-
defined size; i.e., no fragmentation or agglomeration of the
clusters is observed. To minimize contamination with
adsorbates, sample preparation, cluster deposition, and
XMCD measurements are carried out in UHV conditions
(=2 X 10710 mbar).

For in situ substrate preparation, a Cu(001) single crystal
is cleaned by repeated sputter and anneal cycles.
Approximately 20 layers of nickel are then grown on the
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clean Cu(001) surface by evaporation from a high purity
nickel foil in UHV (p = 5 X 107'° mbar) and annealed to
400 K. Nickel and copper surface quality and cleanliness
were checked with thermal desorption spectroscopy, low
energy electron diffraction, and Auger electron spectro-
scopy. The ultrathin nickel film is magnetized perpendicu-
lar to the surface by applying a magnetic field pulse
(=100 mT) of a solenoid mounted in the UHV chamber.
Because of their perpendicular magnetic anisotropy
[28,29], these ultrathin films can be magnetized to rema-
nence and provide the magnetic field to align the magnetic
moments of the Fe, clusters deposited onto it. For every
Fe, cluster sample that was prepared, the copper crystal
was freshly cleaned, and a new nickel film was grown.

XMCD spectra were taken at the BESSY II variable
polarization undulator beam line UE56/1-PGM [30] with
a constant degree of 90% circular polarization. Polar-
ization dependent x-ray absorption spectra were recorded
in total and partial electron yield detection mode simulta-
neously. For partial electron yield detection at the iron L, 5
edges, a retardation voltage of —200 V was applied to the
detector, to enhance the Fe,, Auger electron signal over the
background.

The measurement geometry is such that photons are
incident along the surface normal, which is the direction
of sample magnetization. Hence, depending on photon
polarization, the photon helicity is oriented parallel or
antiparallel to the sample magnetization. For XMCD
measurements, the photon polarization was reversed
while the orientation of sample magnetization re-
mained fixed. The spectra were cross checked for sys-
tematic errors by reversing the magnetization axis of the
nickel layer. XMCD scans were taken at the iron and nickel
L, 5 edges to characterize Fe, clusters as well as the nickel
underlayer.

For ultrathin films, the spin and orbit magnetic moments
are strongly dependent on surface roughness and film
quality [31]. To nevertheless ensure an unchanging mag-
netization of the Fe,, clusters, all ultrathin nickel films were
grown and magnetized under the same conditions. In
addition, the thickness and magnetization of the nickel
underlayer was monitored for every Fe, cluster studied.
Experimental values of m; = 0.72up and m; = 0.13 up,
which were derived for the Ni/Cu(100) underlayer from
the nickel L,; XMCD data using the sum rules given
below, are in reasonable agreement with XMCD literature
data, ranging from (0.6—0.9) u for m, and (0.05-0.09)
for m; [31-33]. The ratio of m; to m, equals 0.18 = 0.1,
and is in good agreement with literature data, ranging from
0.18 to 0.22 [32].

For XMCD data analysis, the polarization dependent
Fe, XAS spectra were normalized to photon flux. To
account for any x-ray absorption signal from the substrate,
a background spectrum of Ni/Cu(001), clean of Fe, clus-
ters, was subtracted.

As an example of polarization dependent Fe,, XAS, two
spectra of 0.03 ML Fe; on Ni/Cu(001) taken with opposite
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orientation of photon helicity o and sample magnetization
M are displayed in Fig. 1. The different x-ray absorption
cross sections for the two cases of parallel and antiparallel
orientation of o and M are clearly visible in these spectra.
Similar to the case of Cr, clusters deposited onto Ru(111)
[14], the absorption spectra shown in Fig. 1 exhibit broad
rather than atomiclike line shapes. This behavior can be
ascribed to the strong electronic interaction with the sub-
strate and should be even more pronounced for Fe, clusters
supported on ultrathin Ni/Cu(100) films.

The XMCD asymmetry of Fe; (i.e., the difference spec-
trum obtained from the two orientations of o and M) is
shown in Fig. 2. Although the coverage of Fe; is only
0.03 ML, the signal to noise ratio is still good, and the
important XMCD features at the L3 and L, edge can be
distinguished with great clarity. As shown for Fe;, the
size-dependent XMCD was measured for Fe, through
Feq. All Fe, XMCD spectra are qualitatively similar, but
differ in the size of L3 and L, asymmetries. A comparison
of Fe, XMCD asymmetries with the XMCD signal of the
ultrathin nickel film reveals that the coupling to the under-
layer is ferromagnetic for all Fe, clusters.

To obtain quantitative information on the magnetic
properties of Fe,, XMCD sum rules [15-18] for spin
and orbital magnetic moments, m; = g up - (S,) (Where
gy =2) and m; = up - (L.), respectively, were applied.
For 2p — 3d excitations, these sum rules state
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FIG. 1. Polarization dependent x-ray absorption of Fe,; on
p y rp 7

Ni/Cu(001) at the iron L; and L, edges. Parallel (dashed line)
and antiparallel (dotted line) orientation of photon helicity and
magnetization.
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FIG. 2. XMCD asymmetry of 0.03 ML Fe; on Ni/Cu(001).
See text.

for the expectation value of the spin angular momentum
(S.); where ny, is the number of 3d holes, o+ is a spectrum
taken with parallel and o~ with antiparallel orientation of
o and M, and ¢o° denotes a linearly polarized spectrum
with photon polarization oriented parallel to the magnet-
ization axis. Integration is over the L; and L, edges,
respectively,. The sum rule for the expectation value of
the spin angular momentum (S,) contains a contribution of
the magnetic dipole term (7,) which cannot be neglected
for small clusters [34]. In applying these sum rules to the
nickel XMCD spectra (see above), it was assumed that
d® =1/2(c" + o7), n;, = 1.45 [35], and (T,) = 0 [34].
The application of XMCD sum rules to 2p — 3d ab-
sorption spectra requires the total number of 3d holes n,, to
be known in order to extract absolute values of the spin and
orbital magnetic moments. Since n,, is not known for small
clusters coupled to a surface, and could vary considerably
as a function of cluster size, Fe, magnetic moments will be
given as moments per 3d hole. In addition, the ratio of
orbital to spin contributions will be given as a function of
cluster size. The advantage of giving these ratios as a
measure of the clusters’ magnetic properties is that un-
certainties in cluster magnetization and photon polariza-
tion, which would contribute to an error in the absolute
values, will cancel each other upon dividing m; by m,. The
total error in m;/m, is estimated to be less than 20%.
The results of this sum rule analysis of Fe, XMCD
spectra are displayed in Figs. 3 and 4. Here, the ratios of
m; to m, are plotted as a function of cluster size for Fe,
through Feq. These ratios range from 0.11 to 0.27, and, in
general, are larger than those observed for bulk iron [35],
iron ultrathin films [21-25,36], and iron nanocluster films
[19,20]. An increasing ratio of m; to m, is expected with
decreasing dimensionality or coordination of a system
[37], and this trend is visible in Fig. 3 when going from
bulk iron (dash-dotted line) to small iron clusters
(markers). In addition to this more general observation,
there is also a nonmonotonous variation in the data dis-
played in Fig. 3, with the lowest ratio of m; to m, observed
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FIG. 3. Ratio of Fe, orbital to spin magnetic moments vs

cluster size as compared to bulk iron (dash-dotted line) [35],
ultrathin films (dashed line) [36], and iron nanoclusters with an
average cluster size of =400 (dotted line) [20].

for Fes, and the highest ratio for Feg. This variation reflects

the strong dependence of electronic and magnetic proper-
ties on cluster size and geometry in the small size regime.
In addition, the large changes observed in going from n
to n = 1 atoms per cluster is further evidence that the
sample preparation procedure yields single sized deposited
clusters.

From calculations for small iron clusters on Ag(001), it
is expected that the spin magnetic moment is enhanced
over the bulk value, and is constant within 10% for small
clusters supported on a substrate [9]. Furthermore, for iron
atoms on Ag(100) strongly enhanced orbital moments are
predicted by theory [38]. Applying these findings to Fe, on
Ni/Cu(001), we tentatively conclude that the large values
of m, to m, plotted in Fig. 3 are due to strongly enhanced
orbital magnetic moments in Fe, on Ni/Cu(001) rather
than due to reduced values of myg. To test this, we have
evaluated Fe, magnetic moments per 3d hole, which are
shown in Fig. 4. Indeed, the upper panel in Fig. 4 shows
that, with the exception of Fe,, the spin magnetic moments
of the Fe, clusters are fairly large (approximately
1 5/3dhole) and vary only within 15%—20%. The lower
panel in Fig. 4, on the other hand, shows that orbital
moments per d-hole strongly enhanced compared to bulk
and surface iron and that there is a much larger variation of
these moments (by a factor of five from Fe; to Feg), which
is responsible for the observed strong variation in the ratio.

The dipolar term (7,) is a rough measure for the devia-
tion from a spherical spin distribution [37], and therefore is
very likely to be dependent on cluster geometry. Since (7,)
is included in the spin sum rule, a non-negligible contri-
bution of (7',) will result in a larger value of m [34]. In the
case of Fe,, where we observe m/n;, > 1, a large con-
tribution of (T,) to m, is deduced.

It is not obvious why Fe, (large (T,)), Fe; (lowest
m;), and Feg (highest m;) should be special with respect to
their magnetic properties. Although there is no direct
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FIG. 4. Comparison of spin ((S,) +I(T.))/n;, and orbital
(L.)/n; magnetic moments per 3d hole of Fe, clusters on
Ni/Cu(100).

information on the geometric structure of the supported
clusters, we expect two-dimensional configurations where
the iron atoms are located on the nickel sites (pseudo-
morphic arrangement). Based on this assumption one
could speculate that, due to symmetry, clusters with an
odd number of atoms should show different geometric
arrangements and therefore different magnetic properties
than even-numbered clusters, possibly leading to strongly
different magnetic properties. Further experimental and
theoretical investigations are needed to elucidate this
finding.

In summary, we have measured orbital and spin mag-
netic moments as a function of cluster size for small size
selected iron clusters deposited onto Ni/Cu(001). The
ratios of m; to m, are generally larger than those observed
for bulk iron, iron ultrathin films, and iron nanocluster
films. There is a strong, nonmonotonous variation partic-
ularly in m,, with strongly enhanced orbital magnetism for
the clusters.
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