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The determination of spin and orbital magnetic moments from the free atom to the bulk phase is an
intriguing challenge for nanoscience, in particular, since most magnetic recording materials are based on
nanostructures. We present temperature-dependent x-ray magnetic circular dichroism measurements of
free Co clusters (N = 8-22) from which the intrinsic spin and orbital magnetic moments of non-
interacting magnetic nanoparticles have been deduced. An exceptionally strong enhancement of the
orbital moment is verified for free magnetic clusters which is 4-6 times larger than the bulk value. Our
temperature-dependent measurements reveal that the spin orientation along the external magnetic field is
nearly saturated at ~20 K and 7 T, while the orbital orientation is clearly not.
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Free transition metal atoms possess large spin and orbi-
tal magnetic moments according to Hund’s rules. Bulk
formation, on the other hand, causes a substantial attenu-
ation of the spin (my) and orbital (m; ) moments. The latter
can even be completely quenched in macroscopic systems,
as shown by x-ray magnetic circular dichroism (XMCD)
measurements on ferromagnetic bulk samples [1,2]. Thus,
one of the main concerns of magnetism is to understand
how magnetic properties change when going from the
electronic structure of a single atom to the bulk, i.e.,
when orbital hybridization, geometry, symmetry breaking,
electron delocalization, and band formation come into
play. Mass-selected clusters are most suitable objects to
follow the evolution of magnetism as a function of size.
Total magnetic moments (m,,) of free mass-selected clus-
ters have been determined by ingenious Stern-Gerlach
experiments [3-5]. However, spin and orbital magnetic
moments of free magnetic particles like molecular magnets
and clusters are experimentally unknown due to a lack of
magnetosensitve experiments for probing an extremely
dilute target density of some attomoles/cm?. Since the
orbital moments are influenced more strongly by orbital
hybridization and electron delocalization, it is important to
quantify them and to study their size and temperature
dependence. Do mg and m; reveal the same size depen-
dence, or do they vary independently? On which length
scale does the orbital momentum get quenched, and when
does the spin moment converge to the bulk value? Is there a
monotonic size evolution, or do mg and m; exhibit a non-
scalable size dependence? Do mg and m; exhibit the same
temperature dependence? Considerable efforts have been
invested for the calculation of spin and orbital magnetic
moments of free clusters which still await experimental
data for comparison and code refinement [6-8]. Large
orbital moments are expected to cause a large magnetic
anisotropy and thus might play a crucial role in the inherent
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orientation of magnetic moments along a preferred spatial
coordinate of the cluster, an important prerequisite for
being used as magnetic data storage material.

Atomic islands, wires, and nanoparticles as well as
supported clusters have been explored by XMCD in order
to determine size-dependent information and to study the
dependence of magnetic moments and anisotropy on di-
mensionality [9—-14]. Common to all these measurements
is that the explored particles are in contact with a support
material. Extrinsic effects on the magnetic properties are
inevitably due to modifications of geometry, electronic
structure, charge transfer, and hybridization with the sup-
port. Thus, the determination of the intrinsic moments of
free magnetic particles is extremely important for both
experiment and theory, as the data elucidate the influence
of the support on the magnetic properties of application-
relevant deposited clusters and, on the other hand, as the
measured moments can be used as reference data for highly
sophisticated calculations.

Here we present XMCD data on free “‘ferromagnetic”
nanoparticles which have been used to extract the intrinsic
spin and orbital magnetic moments of small Coy cluster
ions as a function of the number of atoms N = 8-22. Note
that Coy clusters are expected to possess orbital moments
that are higher than those of other itinerant ferromagnetic
elements like Fe and Ni [7]. The total magnetic moment
My, Which is given by the vector sum of mg and my, is
compared with the magnetic moments as obtained from
prior Stern-Gerlach experiments [5,15,16]. Interestingly,
our data are systematically higher than those of
Refs. [5,15] but are close to the magnetic moments of
Ref. [16]. We might be able to solve this apparent mismatch
by using the different temperature dependence of spin and
orbital moments as will be explained in the following.

In order to record XMCD spectra of free mass-selected
clusters, a Fourier t ion cyclotron resonance mass
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spectrometer has been combined with a soft-x-ray synchro-
tron beam line at BESSY. The experimental setup has
been described in detail in Ref. [17] and Fig. S1 [18].
Figure 1(a) shows L-edge absorption curves of Co;, which
have been taken at a buffer-gas equilibrated cluster tem-
perature of 20 K using right- and left-handed circular
polarization of the x-ray light. The L; and L, edges are
clearly resolved. The XMCD signal (¢t — o) at the L,
edge is very prominent, while it is much smaller at the L,
edge [Fig. 1(b)].

Magneto-optical sum rules [19-21] have been used to
extract the measured projection of the spin and orbital
magnetic moments m(SZ) and m(LZ) [22]. The quantization
axis z is defined by the direction of the applied magnetic
trapping field. For a quantitative determination of spin and
orbital magnetic moments, we used Eqgs. (1) and (2) of the
paper of Chen et al. [21]. Rewriting the formula of
Ref. [21] by replacing A and B for the corresponding
integrated XMCD signal f(o* — o7) of the L; and L,
edge, respectively, and C for the integral of the sum of the
two helicity-dependent absorption curves [(o* + o7),
we obtain

4(A + B)
my) = = =S, (1)
2(A - 2B
m® = —%nh —IT.. )

mf) and m(SZ) are given per atom in units of up; n,

represents the number of 3d holes which has been set equal
to the bulk value, n, = 2.5 [21]. We use the bulk value
instead of the atomic value (n;, = 3) in order to take an
intra-atomic charge redistribution 4s — 3d into account.
This enables bonding between two adjacent Co atoms
[23], as otherwise the 450, bond is compensated by an
antibonding 450, orbital. (T.) corresponds to the expecta-
tion value of the spin magnetic dipole operator for the spin
quantization axis oriented along z [21,24], which defines
the asymmetry of the intra-atomic spin distribution. It is
nonzero in anisotropic bonding environments due to the
different number of spins in the unit cell along different
crystallographic directions, but it vanishes when an angular
average is performed [25,26]. According to theory, the
absolute value of 77, for systems with low dimensionality
such as surfaces and deposited clusters can range up to 20%
of the spin magnetic moment [24,27]. In our study we are
dealing with freely rotating particles which are not fixed in
space. As T, is a strongly directional value, we have good
reasons to assume that 7', which can adopt values of differ-
ent sign, averages to a minimum value close to zero.
Applying the above sum rules, the analysis reveals that

the measured orbital moments m(LZ) at20 Kand B=7T

are clearly enhanced (2—4 times) with respect to the bulk
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[21], while the measured spin moments mg” of the clusters
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FIG. 1 (color online). (a) Circularly polarized x-ray absorption
spectra of Coj, at the L edge. The spectrum recorded with
negative polarization (¢~ ) is shown by open circles and a dotted
line (blue), that with positive polarization (o*) by filled dots and
a full line (black). The relative orientation of polarization, light
propagation (k), and magnetic field (B) is shown in the cartoon.
The integration of the sum of both absorption curves is shown as
a dashed line (C), which is used for calculation of the magnetic
moments according to the magneto-optical sum rules. (b) The
XMCD spectrum (o — o7) of Coy, after subtracting the L-
edge-jump intensity. A and B correspond to the area of the L;
and L, dichroic intensity, respectively. The integration of the
dichroic intensity is shown as a dashed line (A + B). Note that
the large absolute value of (A + B) exhibits a strong orbital
moment. (¢) L-edge XMCD spectrum of Fe{, measured under
the same conditions.

(N = 8-22) are less strongly enhanced (< 1.4 times) as
summarized in Table S2 [18].

Figure 1(c) exemplarily demonstrates that the enhance-
ment of the orbital moment is not just seen for Co clusters
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but also for small Fe clusters [28]. The XMCD signal
(A + B) is clearly larger than that of bulk iron, which
almost vanishes [21]. The measured orbital moment m(LZ)
amounts to 0.25 wp/atom compared to the bulk value of
0.085 wpg/atom [21].

According to the classical Langevin equation, which
applies for single domain particles, the magnetization of
small magnetic particles is expected to scale inversely with
the temperature at a given B field [29-31]. Indeed, the
measured moments m(LZ)S show a striking temperature de-
pendence as typical for superparamagnetic particles
(Fig. 2). Our 7 T strong magnetic field substantially ex-
ceeds the Paschen-Back limit for atoms ~1 T, and there-
fore orbital and spin angular momentum can be expected to
decouple. This can be quantitatively rationalized by the
relatively weak spin-orbit interaction energy of the itiner-
ant 3d metals. The magnetic energy of Cof, is
1-2 meV/atom at a field strength of 7 T. This energy
compares with the spin-orbit splitting of a few meV for
the bulk as well as the magnetic anisotropy energy as
calculated for the atoms of a Co monolayer [32,33].
Based on these estimates and our observation of a change

in the ratio mf) / m(SZ) with temperature, we apply the clas-
sical Langevin equation to fit the temperature dependence
of spin and orbital moments separately. According to the
Langevin function, the intrinsic magnetic orbital and spin
moments m; and mg per atom in units of up are given by

N B
m(LZ,)S(T) = mL,S[COth( m?{’i';fB )) -

kgT
5 ] (3)
Nmp supB

m(LZ;)S(T) are the temperature-dependent projected orbital

and spin magnetic moments per atom in units of wg and N
denotes the number of atoms in the cluster. As shown in
Fig. 2, a least-squares fit has been used to fit the data

(2) (2)
s

m;”(T) and mg’(T) with the above Langevin functions
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FIG. 2 (color online). Measured spin and orbital magnetic
moment (mg)s) versus temperature of Cof,. The line through
the measured moments is a Langevin fit using B =7 T.

using the intrinsic moments mg and m; as fitting parame-
ters. No hints for freezing of the magnetization into a
blocked state is observed down to 20 K in agreement
with measurements on Co wires [9]. Moreover, Fig. 2
clearly shows that at 20 K the spin moment is much closer
to its saturation limit than the smaller orbital moment. It is
obvious that lower temperatures are necessary to saturate
the orbital moment due to its smaller magnetic energy. In
other words, the alignment of the orbital moment along the
external field is weaker than the alignment of the larger
spin moment. From this we conclude that spin and orbital
moments are decoupled and interact separately with the
external field analogous to the Paschen-Back effect in
atoms [34].

Upon scaling m(LZ)(T) and m(SZ)(T) to the saturation limit
at T = 0 K, the measured moments m(LZ’)S(T = 20 K) need
to be corrected by ~15% and ~70%, respectively, to
determine the intrinsic moments mg and m;. The correc-
tions become larger the smaller the moments are, as the
alignment along the magnetic field direction is thermally
less stable. The Langevin-scaled intrinsic spin and orbital
moments of the Coy clusters are plotted in Fig. 3. The
moments develop in a nonscalable manner from one cluster
size to the next. Seemingly, the spin moment fluctuates
more with cluster size N than the orbital moment. A
convergence towards the bulk magnetic moments is not
obvious up to clusters containing 22 atoms. The intrinsic
spin moments of the clusters are in the range mg =
2-2.7up per atom, while the orbital moments amount
to m; = 0.6-1up per atom. Thus the intrinsic orbital
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FIG. 3 (color online). Magnetic moments as revealed from
XMCD spectra using magneto-optical sum rule analysis. Filled
symbols show the intrinsic spin (mg, blue) and orbital magnetic
moments (m;, red) of the clusters after Langevin scaling of the
measured moments (m(SZ) , m(LZ)) recorded at 20 K and 7 T. The
error bar corresponds to the standard deviation (= 20) from
repeated measurements at 778 eV (cf. Fig. S1 [18]). Moments of
Co bulk [21] (dotted line) and small atomic islands [35] (green
full line) are indicated. Additionally, the corresponding moments
of the atom (Co, *F; Co; "3F) and dimer (Co, >A) are displayed.
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moments of the clusters are 4—6 times larger than the value
of the solid, and the spin moments are enhanced by a factor
of 1-2. Also, the intrinsic orbital moments of free clusters
are enlarged with respect to small atomic islands formed on
a crystalline platinum surface [35] as shown in Fig. 3.

The intrinsic orbital moment of a pentagonal bipyramid
with a d-band filling of 2.5 (Co;) has been calculated to be
0.7 wp/atom for magnetization along the equatorial C,
axis [6] which comes close to our measured orbital mo-
ments. The orbital moment of the dimer m; = 1 up/atom,
as approximated from Hund’s rule for the ground state
configuration >A [23,36-38], is also similar to m, of the
clusters. However, the orbital moment of the atom (*F [37],
my = 3up) is distinctly larger, which suggests a sudden
drop of m; from the atom to the dimer. Towards larger
clusters, m; further diminishes but rather smoothly. The
moment of Co;; represents a local minimum which might
hint at a highly symmetric structure (/) of this cluster. The
intrinsic spin moments of the clusters are somewhat higher
than the calculated ones, which are in the range mg =
1.9-2.1 wp/atom for Co, 5, [8], while they are smaller
than this of the neutral atom (3up) [39]. Moreover, the
XMCD measurements show that the ratio m; /mg of the
clusters, which is independent of n,, is 3—4 times higher
than that of the solid (m; /mg = 0.1).

In Fig. 4, we compare the total magnetic
moments m,, = mg + my as revealed from our XMCD
measurements with the results from earlier Stern-Gerlach

£\ Ref.[15] (T=40K, B=2T)
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FIG. 4 (color online). Total magnetic moments of Coy; clusters
as determined by XMCD (filled dots) in comparison with Stern-
Gerlach results (open symbols) taken from Ref. [5,15,16]. The
spin moments as revealed from XMCD are also shown (filled
triangles). [The transition from fully coupled to decoupled mo-
ments changes gradually with the strength of the magnetic field.
This affects the Langevin scaling of the measured moments
which is indicated by the shaded region of the total moment.
The boundaries for total coupling and decoupling are shown by
the lower line (dotted) and upper line (bold). The intrinsic orbital
moment (not shown) drops by 30%—40% when coupled mo-
ments are considered while the spin moment hardly ever
changes.]

experiments [5,15,16]. In these earlier experiments, the
spatial deflection of neutral clusters in an inhomogeneous
magnetic field is used as a measure of the total magnetic
moment of the clusters. As the Stern-Gerlach data are
analyzed by the Langevin model [5,15,16], the published
data can directly be compared to the sum of our scaled
moments. Two of the Stern-Gerlach series [5,15] show
very similar results with magnetic moments ranging be-
tween 2 and 2.5up per atom, while another series exhibits
much higher moments between 3 and 4wy per atom [16].
Remarkably, the lower Stern-Gerlach data agree with the
measured spin moments rather than with the sum of
the spin and orbital moment. We therefore conclude
that the magnetic moments of Refs. [5,15] represent basi-
cally the spin moment, while the contribution of the orbital
magnetic moment is relatively reduced. This might be
explained as follows: The data of Xu et al. [15] and
Knickelbein [5] have been measured with a magnetic field
of 1.2 and 2 T, respectively. It is likely that under these field
strengths spin and orbital moments interact rather indepen-
dently with the external B field similar to our experiment.
As established by our temperature-dependent measure-
ments (Fig. 2), the orbital moment is less aligned along

the magnetic field direction than the larger spin moment.

For example, the orbital contribution m(LZ) to the measured

total magnetic moment is less than 15% at 1 T and 40 K.
The individual temperature dependence of spin and orbital
moments must be compensated for by different scaling
factors in order to deduce the intrinsic moments. Note
that the weaker orbital moment must be scaled more than
the larger spin moment (cf. Fig. S3 [18]). In our XMCD
experiments, the measured moments are scaled individu-
ally according to separate Langevin fits of spin and orbital
moments. In Stern-Gerlach experiments, however, such an
individual scaling is not possible.

The data of Payne et al. [16] have been measured with a
considerably lower magnetic field (0.2-0.3 T). Under these
conditions, spin and orbital moments are most likely
coupled by spin-orbit interaction and interact as a total
moment with the external magnetic field. In this case,
Langevin scaling of the total moment becomes appropri-
ate. This might explain the rather good agreement of the
temperature-scaled data of Payne et al. [16] with the sum
of mg and m; as determined from our high-field XMCD
measurements in which the uncoupled moments are scaled
separately before summing up.

In summary, the present data demonstrate the impor-
tance of quantifying spin and orbital moments as a function
of temperature in order to analyze the intrinsic magnetic
properties of free ferromagnetic particles. A clear
Langevin-type temperature dependence has been estab-
lished for small Co clusters revealing a different tempera-
ture scaling of spin and orbital moments under high
magnetic field conditions. The data demonstrate that the
intrinsic orbital moments of small Co clusters are strongly

233401-4



PRL 107, 233401 (2011)

PHYSICAL REVIEW LETTERS

week ending
2 DECEMBER 2011

enlarged by a factor of 4-6 in comparison to the bulk. The
decomposition of the total moments into spin and orbital
moments and their different temperature dependence
might help to clarify diverging results of former Stern-
Gerlach experiments. The analysis of spin and orbital
magnetic moments of free clusters bears high potential
for future investigation of application-relevant magnetic
storage particles such as magnetic building block clusters,
molecular magnets, and magnetic biomolecules.
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