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Spin Coupling and Orbital Angular Momentum Quenching in Free Iron Clusters
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Magnetic spin and orbital moments of size-selected free iron cluster ions Fe;” (n = 3-20) have been
determined via x-ray magnetic circular dichroism spectroscopy. Iron atoms within the clusters exhibit
ferromagnetic coupling except for Fe{;, where the central atom is coupled antiferromagnetically to the

atoms in the surrounding shell. Even in very small clusters, the orbital magnetic moment is strongly
quenched and reduced to 5%-25% of its atomic value while the spin magnetic moment remains at
60%-90%. This demonstrates that the formation of bonds quenches orbital angular momenta in
homonuclear iron clusters already for coordination numbers much smaller than those of the bulk.
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As atoms, most elements with open shells carry spin and
orbital magnetic moments, which are typically a few Bohr
magneton. In bulk form, only a few elements are ferro-
magnetically ordered, with iron, cobalt, and nickel as the
most prominent examples. Even in these 3d ferromagnets
the orbital magnetic moment is quenched by the symmetry
of the crystal lattice, which mixes wave functions with
equal contributions of the magnetic quantum number
*+m,; to yield an orbital angular momentum of (/) = 0.
Spin-orbit coupling can restore the orbital magnetic mo-
ment, but this is a small effect in 3d transition metals. As a
consequence, the total magnetic moment is almost pure
spin moment in these systems, and the orbital magnetic
moment amounts to only 5%—10% of its atomic value.
While a quantitative treatment of the orbital magnetic
moment is still a challenge for theory, it is accessible in
experiment, where spin and orbital magnetic moments can
be determined by x-ray magnetic circular dichroism spec-
troscopy [1-3]. When applied to surfaces [4], ultrathin
films [5], deposited clusters [6,7], monoatomic chains
[8], or adatoms [9], it is seen that orbital magnetic mo-
ments can be strongly enhanced over the bulk value by
environments of reduced symmetry, while the relative
enhancement of the spin moment is less pronounced. By
extrapolation of these results, one could thus expect that in
small clusters, which form a link between single atoms and
low-dimensional nanostructures, the orbital moment con-
stitutes a significant contribution to the total magnetic
moment. On the other hand, free clusters usually adopt
compact structures where the local environment is different
for each atom. Typically, such a cluster does not possess a
clearly preferred global axis along which the individual
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orbital moments could be restored by spin-orbit coupling,
but different axes for each site. This should lead to strongly
reduced average orbital moments.

So far, magnetic moments of isolated clusters have only
been determined in Stern-Gerlach experiments [10-13],
which find increased total magnetic moments but cannot
discriminate between spin and orbital contributions. For
the smallest Fe, clusters studied in a Stern-Gerlach setup,
n = 10-12, average magnetic moments larger than the
atomic spin moment were found experimentally [12], in-
dicating strong contributions of unquenched orbital mag-
netic moments. To address the question of whether and
how orbital moments are quenched, and to separate spin
and orbital contributions to the total magnetic moment, we
have applied x-ray circular magnetic dichroism spectros-
copy [1-3] to size-selected iron cluster ions. In contrast to
previous results [12], our findings demonstrate that orbital
magnetic moments are strongly quenched already for clus-
ters of only three atoms.

X-ray magnetic circular dichroism spectroscopy of size-
selected cluster ions was performed in ion yield mode at
T =10-20 K and B = 0-5 T in a linear radio-frequency
ion trap [14-16], modified for liquid helium cooling and
situated in the homogeneous magnetic field of a super-
conducting solenoid [17]. Iron clusters were generated by a
magnetron gas aggregation source and size selected with a
radio-frequency quadrupole mass filter. They were guided
by a combination of electrostatic ion optics and radio-
frequency multipole ion guides into the ion trap where
circularly polarized x-ray photons from an undulator
beam line are coupled in on axis. Inside the cryogenic
ion trap, and with the magnetic field applied, size-selected
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cluster ions are thermalized by collisions with a
helium buffer gas which acts as a heat bath and is perma-
nently present during the experiment. Ion yield spectra
[14-16,18] of 2p — 3d excitation in Fe; clusters were
recorded for parallel and antiparallel alignment of photon
helicity o~ and magnetic field B with a time-of-flight mass
spectrometer. All spectra are normalized to incident photon
flux, recorded in situ with a GaAsP photodiode located
behind the ion trap, and x-ray magnetic circular dichroism
spectra were corrected for a 90% degree of circular
polarization.

X-ray magnetic circular dichroism sum rules [1-3] al-
low us to derive expectation values of 3d electron orbital
angular momentum (L) and spin angular momentum plus
magnetic dipole contribution (S.) + 7/2(T) from absorp-
tion intensities of 2p — 3d transitions for parallel ()
and antiparallel (x_) alignment of magnetic field B and
helicity o of circularly polarized x-ray photons. X-ray
magnetic circular dichroism spectra u, — u_ of Fe, are
shown in Fig. 1 to illustrate the quality of the data at typical
target densities of 5 X 107 ions per cm® along the 20 cm
interaction region, corresponding to 10° ions per cm? or
107> atomic monolayer equivalent. For ease of compari-
son, these spectra are normalized to the integrals of
the corresponding isotropic x-ray absorption spectra
1/2(+ + ) to account for the number of absorbing
atoms and transition intensities, as well as Brillouin
corrected to account for nonsaturation magnetization at
B=5Tand T = 15-20 K.

normalized x-ray magnetic circular dichroism [arb. units]

690 700 710 720 730 740 750
photon energy [eV]

FIG. 1. X-ray magnetic circular dichroism spectra of trapped
Fe;" clusters, recorded at B = 5 T and T = 15-20 K. All spectra
are normalized, Brillouin corrected, and shown on the same scale
for comparison.

To calculate per atom values of spin (ug) and orbital
(m) magnetic moments from Xx-ray magnetic circular
dichroism sum rules [1-3], the number n; of unoccupied
3d states is required. For iron clusters, n;, = 3.3 = 0.2 is
assumed, which is the average of n, = 3.25 predicted for
Fe2+ [19], n;, = 3.15-3.48 for Fe, clusters [20], and n; =
3.34-3.44 for bee iron [20,21]. The small scatter of these
predicted values as well as the close agreement of n,, for
the limiting cases of Fe; and bec iron show that no large
variation of n;, is to be expected even for small iron
clusters.

Magnetization curves of Fe; clusters at fixed ion trap
temperature were obtained by recording x-ray magnetic
circular dichroism spectra at different values of the applied
magnetic field. For Fef, such a magnetization curve is
shown in Fig. 2. The curve indicates superparamagnetic
behavior [22] and yields a saturation magnetization of
My = 3.5+ 0.2 up per atom as well as an ion temperature
of T =13 =2 K when fitted with a Brillouin function.
Magnetization curves can thus be used to determine the
cluster ion temperature, which is typically a few kelvin
higher than the ion trap temperature reading because of
radio-frequency heating. To calibrate ion temperatures,
magnetization curves were recorded for Fef,, Fe,, and
Fe|.. For all other Fe,| clusters presented here, spin and
orbital magnetizations were determined at maximum mag-
netic field, B =35 T, and at fixed ion temperatures in
the range of 7 = 15-20 K. Since these experimental
conditions correspond to the Zeeman (weak-field) limit
for 3d transition metals, the total magnetic moment u; =
s + wp is aligned by the applied magnetic field, and
saturation magnetic moments ug and u; were derived
with the Brillouin correction factor obtained for w; of a
given Fe,| cluster.

In Fig. 3, spin, orbital, and total magnetic moments of
Fe," clusters are shown per unoccupied 3d state (left axis)
and per atom (right axis) for n = 3-20. With the exception
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FIG. 2. Magnetization curve of Fef, clusters. The fit with a
Brillouin curve yields a saturation magnetization of u; = 3.5 *
0.2 pwp per atom and a cluster temperature of 7 = 13 = 2 K.
The inset shows x-ray absorption (XAS) and x-ray magnetic
circular dichroism (XMCD) spectra of Fe{, at B =15 T.

057201-2



PRL 108, 057201 (2012)

PHYSICAL REVIEW LETTERS

week ending
3 FEBRUARY 2012

= L 143
3 10+ '3‘_8
e —

2 [ 3
> [ 1,3
éo.s— 1 2
s r %
= =132
c i 3
g z
00 Ho0L

4 6 8 10 12 14 16
cluster size [n]

18 20

FIG. 3. Spin (filled circles), orbital (open circles), and total
(boxes) magnetic moments per 3d hole (left axis) and per atom
(right axis) of Fe, clusters. In Fej;, antiferromagnetic coupling
of the central atom to the surrounding shell and reduced spin
magnetic moments [23,24,32] lead to a significantly lower total
magnetic moment.

of Fe{;, magnetic spin moments are ug = 1 pp per un-
occupied 3d state for n = 6. This is a sign of completely
filled majority spin states; i.e., these states are located
below the Fermi energy for iron clusters in contrast to
bulk iron. A possible reason for this behavior is 3d band
narrowing because of the reduced average coordination
number in small iron clusters.

Total magnetic moments of w; = 3.2-3.9 up per atom
for n = 6 agree well with results of Stern-Gerlach experi-
ments [11-13] of iron clusters, which find u; = 3up for
25-150 atoms per cluster, as well as with theoretical pre-
dictions of ug =~ 3.0-3.5 up per atom [23-28]. This
agreement implies that there is no significant contribution
of the anisotropic magnetic dipole term (7,) to the spin
sum rule in the x-ray magnetic circular dichroism data of
iron cluster ions presented here. There are two possible
explanations: On the one hand, it seems reasonable that
(T.) is much smaller than usually found, e.g., at surfaces,
since free clusters do not possess clearly preferred axes. On
the other hand, however, even a strong contribution of (7’,)
to the spin sum rule [1-3] vanishes if x-ray magnetic
circular dichroism is performed either in a magic angle
geometry on an oriented sample or averaged over random
spatial orientations as in polycrystalline samples [5,29].
For free clusters magnetized in an external magnetic field,
such random orientations can only occur if the clusters are
allowed to rotate while their magnetic moments remain
aligned along the magnetic field. This is the case if the
magnetocrystalline anisotropy energy Eyag 1S smaller
than the rotational energy for a given axis, i.e., Eyjap =
1/2kgT. Otherwise, strong coupling of the magnetic mo-
ment to an easy magnetization axis would hinder cluster
rotation and lead to lattice orientation along this preferred
axis. Further evidence for random spatial orientation can
be inferred from x-ray absorption spectra 1/2(u, + u_)
recorded for one cluster size at different values of the

applied magnetic field: If the magnetocrystalline anisot-
ropy energy Eyag was strong, the applied magnetic field
would lead to spatial alignment of the clusters, which
would result in x-ray natural linear dichroism. This was
not observed under the present experimental conditions,
again indicating random spatial orientation of the clusters
and a small magnetocrystalline anisotropy energy Eyag =
1/2kgT. From this constraint, an upper limit of the mag-
netocrystalline anisotropy energy FEyjagp = 65 ueV per
atom can be estimated for Fe{; and k37 = 1.3 meV at T =
15 K, corresponding to = 46-fold enhancement of Eyag
over the bulk value of 1.4 weV [30]. This result is con-
sistent with the magnetic anisotropy energy of 150 ueV
per atom predicted for iron dimers [31], as it can be
expected that the magnetocrystalline anisotropy energy
decreases with cluster size.

In the size range investigated here, an exceptionally low
spin moment of wug = 2.4 = 0.4 up is obtained experi-
mentally for Fe{;, as can be seen in Fig. 3. In theoretical
studies [23-26,32,33], neutral Fe 5 is predicted to adopt a
distorted icosahedral structure with two possible magnetic
configurations: A ferromagnetic configuration [23,24,32]
with an average spin magnetic moment of pug = 3.38 up
per atom, and a configuration where the central atom of the
distorted icosahedron couples antiferromagnetically to the
12 atoms of the surrounding shell [25,26,33]. In this second
case, average interatomic distances are contracted by
2%-3% [24,32,33], which reduces the spin magnetic mo-
ments in the surrounding shell and leads to an average spin
moment of pug = 2.62 up per atom [23,24,32]. Our ex-
perimental result of ug = 2.4 *0.4 up for Fef; gives
strong evidence that this antiferromagnetically coupled
configuration is the ground state of Fe}, highlighting the
subtle interdependence of magnetic coupling on atomic
structure and interatomic distance [23-25,33]. For neutral
Fe|,, predicted to be an icosahedral structure similar to
Fe|; but with one apex atom missing [25], theoretical
studies agree on a ferromagnetic ground state, but with a
large scatter in average spin magnetic moments ranging
from pug = 2.67 pup [25,26] to wg = 3.17 g [23]. If one
electron was removed from the minority spin states, this
latter value would correspond to wg = 3.25 up for Fef,,
which is close to our experimental value of ug = 3.4 =
0.5 wp. The situation is similar for Fe;, where ferromag-
netic configurations with average spin magnetic moments
ranging from pug = 2.85 up [26] over g = 3 wp [25] to
s = 3.29 up [23] are predicted. The latter high-spin
value is again in close agreement with our finding of g =
3.5 0.5 up for Fej,.

Reduced spin magnetic moments of ug = 2.4-2.6 up
per atom are also found for Fe, clusters with n <6 in
Fig. 3. Although counterintuitive, these decreased mag-
netic moments are in qualitative agreement with theoretical
predictions [23,25-27] and could again be caused by con-
tracted average nearest neighbor distances [27,32], which
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are predicted to be 2.17 A in Fe;, 2.24 A in triangular Fe7
2.29 A in tetrahedral Fe;, 2.35 Ain trigonal bipyramidal
Fegr , and 2.49 A in octahedral Fegr [27]. This strong bond
length contraction could overcompensate the effect of
reduced coordination number in small clusters and cause
a widening of the 3d band, i.e., a larger spread of 3d
derived levels, which would lead to lower spin magnetic
moments because of electron transfer from majority to
minority states, shifted below the Fermi energy [25]. To
yield further insight, high precision measurements at even
lower ion temperature as well as detailed field and tem-
perature dependent studies will have to be performed.

As shown in Fig. 3, orbital magnetic moments of Fe;
clusters are strongly quenched and amount to
0.03-0.18 wp per 3d hole, or 0.1-0.6 wp per atom, con-
tributing only 3%-17% to the total magnetic moment.
Although a significant relative enhancement of the orbital
magnetic moments in iron clusters up to a factor of 6 over
the bulk value of 0.09 wp [21] is observed, the absolute
enhancement of the orbital moment is only 0.15 up per
atom on average, which is small compared to the average
increase of the spin moment by 1 pp per atom over the
bulk value of 2.2 wp per atom [21] in the same size range.

To further illustrate the evolution of magnetic moments
from atom to bulk, spin and orbital contributions of 3d
electrons are normalized to their atomic values of pug =
4 ppand p; = 2 up, respectively, and are plotted versus
n~'3 o« 1/R, where R is the cluster radius, in Fig. 4.
Predicted 3d spin and orbital magnetic moments for Fey
[19] are also included in the figure and fit well into the
trend from the atom to the trimer. In terms of its atomic
value, the orbital angular momentum amounts only to
5%-25% for the clusters studied here, while the spin

cluster size [n]

bulk 1000 100 20 10 5 3 2

atom

norm. magnetic moment

0.0 0.2 0.4 0.6 0.8 1.0
inverse cluster radius [n""%]

FIG. 4. Relative spin (filled circles) and orbital (open circles)
magnetic moments of Fe; clusters normalized to the atomic
values (ug =4 pup and p; = 2 wp). While the spin moment
remains at 60%—90%, the orbital value is strongly reduced
already for Fei. For Fej, calculated values (boxes) are in-
cluded [19].

moment remains at 60%—90%. Obviously, this strong re-
duction of the orbital angular momentum already in Fe7,
predicted to be an equilateral triangle [27], is due to the
formation of bonds, because of which the orbital angular
momentum ceases to be a good quantum number. Only in
FeJ, the projection of the orbital angular momentum onto
the molecular axis remains a good quantum number be-
cause of its cylindrical symmetry, resulting in the predicted
orbital magnetic moment of 1 up per atom [19]. Thus,
experimentally observed quenching of the orbital magnetic
moment in Fe] indirectly shows that its structure is indeed
triangular as predicted [27].

While there is good agreement of Fe, total magnetic
moments obtained via x-ray magnetic circular dichroism
with those obtained in Stern-Gerlach experiments for
larger Fe, clusters [11-13], there is a clear deviation for
smaller clusters with n = 12. We find u; = 3.6 up,
whereas Knickelbein reports wu; = 4.6-5.4 up for n =
10-12 [12] and concludes an orbital contribution of u; =
2.4 wp, i.e., largely unquenched magnetic orbital mo-
ments, for Fey,, in contradiction to our findings. In addition
to absolute values, however, upper limits of the orbital
magnetic moment can be given from the ratio w;/ug,
which can be determined with high accuracy from x-ray
magnetic circular dichroism since uncertainties in cluster
ion temperature, number of unoccupied 3d states, and
degree of circular polarization are eliminated. From our
data, we obtain u;/ms = 0.05 for Fef, and u;/pug =
0.08 for Fe{,. Even a maximum spin moment of ug =
4 wp thus yields upper limits of w; = 0.21 up for Fej,
and pu; =0.34 up for Fe/;. Hence, we can rule out
strongly unquenched orbital magnetic moments in small
iron clusters.

In conclusion, we have demonstrated the possibility to
obtain high quality x-ray magnetic circular dichroism
spectra of size-selected free cluster ions. This allows us
to study spin and orbital magnetic moments of small
clusters, molecules, and complexes without the perturbing
effects of a surface or matrix. Performing these studies as a
function of magnetic field and ion temperature has the
potential to yield unprecedented insight into coupling phe-
nomena, energies, and length scales in magnetism.
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