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The magnetic properties of isolated clusters composed of scandium, yttrium, and lanthanum containing 5–20
atoms have been investigated in a Stern–Gerlach molecular-beam deflection experiment. The molecular-beam
profiles for most clusters in this size range display either high-field deflections indicative of superparamag-
netism or symmetric broadening indicative of locked moment behavior. The magnitude of the deflections for
those clusters exhibiting high-field seeking behavior indicate susceptibilities that are significantly larger in
magnitude than those expected based on the extrapolation of the susceptibility of the bulk solids, signifying
that these species are magnetically ordered. Magnetic moments for Scn and Yn, evolve with size in patterns that
are strikingly similar to one another. Several clusters stand out asbona fidehigh-spin molecular magnets:
Sc13 s6.0±0.2mbd ,Y8 s5.5±0.1mbd ,Y13 s8.8±0.1mbd, and La6 s4.8±0.2mbd.
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I. INTRODUCTION

Transition metal clusters containing fewer than,102 at-
oms can exhibit magnetic ordering not displayed by the cor-
responding bulk solids.1–4 Stern–Gerlach molecular-beam
deflection techniques have proven to be useful for uncover-
ing such behavior, since chemically pure metal clusters can
be prepared and studied in isolated form, thus removing the
perturbing effects of substrates, matrices, and stabilizing
ligands. Using such techniques, Coxet al. have shown that
bare rhodium clusterssRh9-60d display magnetic moments1,5

as high as 0.8mb per atomsRh9-Rh11d indicative of ferro-
magnetic or ferrimagnetic ordering, even though bulk
rhodium is a Pauli paramagnet at all temperatures.6 Bloom-
field and co-workers2 measured magnetic moments for
Cr8-Cr156 that ranged from,0.5 to,1.0mb per atom, clearly
indicating that these clusters do not display antiferromag-
netic ordering as in bulk chromium, but rather ferromagnetic
or ferrimagnetic ordering. Knickelbein3,4 has shown that
manganese clusterssMn5-99d display substantial nonzero mo-
ments indicative of ferrimagnetic ordering.3,4 Recently, de-
Heer and co-workers7 have found evidence for magnetic or-
dering in palladium clusters using molecular-beam deflection
techniques.

Anomalous magnetism in low-dimensionality transition
metals can be attributed to the enhancement of densities ofd
states at the Fermi level resulting from spatial confinement.8

For transition metal systems, the effects of spatial confine-
ment on magnetic properties can be put on a quantitative
framework using the Stoner model of itinerant ferromag-
netism. This model, despite its simplicity, is a remarkably
useful predictor of spontaneous magnetization in bulk tran-
sition metals, successfully predicting ferromagnetic ordering
in iron, cobalt, and nickelsand only those transition
metalsd.9–11 According to this model, the paramagnetic sus-
ceptibility x is determined by the density ofd states at the
Fermi levelNsEfd and the exchange functionJ,

x =
m0mb

2NsEfd
1 − JNsEfd

,

where m0 is the permeability of free space andmb is the

bohr magneton. TheStoner enhancementterm given by
f1−JNsEfdg−1 increases rapidly asJNsEfd→1, and for
JNsEfdù1, x sformallyd becomes negative, signifying a fer-
romagnetic instability and thus spontaneous magnetic
ordering.11 The Stoner model thus provides a simple frame-
work with which to predict the emergence of “unexpected”
magnetic ordering in the transition elements as spatial
dimensions are reduced: Thed-band narrowing that
typically accompanies spatial confinement8 produces an en-
hancement inNsEfd which, if sufficiently large, can lead to
ferromagnetic instability: Spontaneous magnetic ordering
occurs.

Like most transition elements, scandium, yttrium, and lan-
thanum are paramagnetic in their bulk phases. However,
their relatively high paramagnetic susceptibilities,11–13 as
compared to those of their neighbors in the Periodic Table,
suggests that these metals are on the verge of ferromagnetic
instability, and may be induced to display ordering by spatial
confinement. In this paper, we present the results of magnetic
deflection experiments that confirm that all scandium clusters
and most yttrium and lanthanum clusters in the range
n=5–20 are elemental molecular magnets.

II. EXPERIMENTAL METHODS

The experimental methods have been provided in detail
previously.4,14 The experiment was performed using a four-
stage differentially-pumped molecular-beam apparatus,
shown schematically in Fig. 1. Scandium, yttrium, and lan-
thanum clusters were produced via pulsed laser vaporization
from the surfaces of cylindrical targets of the corresponding
pure metals: Scs99.9%, Rare Metallic Company Ltd., To-
kyod, Y s99.9%, Goodfellow Corp.d, and Las99.99%, Ames
Materials Preparation Center, Ames, Iowad.15 The metal tar-
gets were housed in laser vaporization sources through
which helium flowed continuously. The laser vaporization
source was coupled to a high aspect ratio flow tube
s9 cm length30.3 cm inner diameterd held whose tempera-
ture could be controlled between 55 K and 300 K. The resi-
dence time of the clusters within the flow tube,4 ms was
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sufficient to ensure that they were equilibrated to the flow
tube temperature prior to expansion into a vacuum though a
1.2 mm diameter orifice at the end of the flow tube.16 Under
these mild expansion conditions, very little supersonic cool-
ing of the clusters’ vibronic degrees of freedom is
expected,17 so that the postexpansion cluster temperature is
estimated to be closeswithin ,5 Kd to that of the flow tube.
The expanding jet was skimmed into a molecular beam,
which passed through a gradient dipole magnet18 capable of
producingB fields of up to,1.2 T and gradientss]B/]zd up
to ,210 T m−1 in the center of the gap. The clusters were
then ionized with a spatially expanded ArF excimer laser
sl=193 nmd, with the resulting singly ionized clusters de-
tected via position-sensitive time-of-flightsPSTOFd mass
spectrometry,14,19,20 a technique which allows field-induced
deflections or broadening of cluster beams to determined
with a spatial sensitivity of about 20mm. This technique
allows the spatial distributions of clusters in a molecular
beam to be mapped onto the time domain and thus recorded
using a digital oscilloscope. The spatial deflections or broad-
ening of each cluster size in the beam was independently
measured by quantitatively comparing the field on versus
field off PSTOF peak profiles. Magnetic moments were de-
termined via analysis of the beam broadening and deflection
profiles, as described in detail below.

III. RESULTS AND DISCUSSION

Magnified portions of PSTOF spectra showing Y6 and Y8
mass peaks recorded with the deflection field off versus on,
is shown in Fig. 2. These PSTOF mass peak profiles illus-
trate the two types of beam deflection behavior observed for
Scn,Yn, and Lan clusters at 58±2 K. The symmetric broad-
ening of the beam about the center line of the beam axis
sz=0d is displayed by Y5,Y6,La5, and all Scn clusters except
Sc10 and Sc20. By contrast, the beam profiles of
Sc10−20,Y7−10,13−18, and La6−9,11,13−20shift uniformly to later
arrival times upon application of the gradient field, corre-
sponding to a spatial shift in the +z direction shigh-field-
seeking behaviord. The magnitude of the broadening and

shifting is significantly larger than would be expected based
on the susceptibilities of the corresponding bulk elements,
implying that these clusters are not simply small fragments
of the corresponding paramagnetic solids, but rather are mo-
lecular magnets.

High-field-seeking beam deflection behavior has been ob-
served in previous studies for clusters of the ferromagnetic
transition metals, Fen,

21–23 Con,
22,24 Nin,

14,21,25as well as for
clusters of certain transition metals that are not normally fer-
romagnetically ordered in any of their bulk phases, such as
Mnn sRef. 3d and Rhn sRef. 1d. Such behavior is consistent

FIG. 1. sColor onlined Schematic of the ex-
periment. PSTOF mass spectra are recorded se-
quentially, first with the Stern–Gerlach magnet on
and then again with the magnet off.

FIG. 2. sColor onlined Magnified portions of yttrium
cluster time-of-flight spectra showing the PSTOF profiles for
Y6 and Y8. Solid traces: B,]B/]z=0; dotted traces:
B=0.78 T,]B/]z=160 T m−1. For Y6, the adiabatic rotor model
sdashed curved was fitted to the field-broadened profile, in this in-
stance yielding a total moment of 2.25mb sm̄=0.38mb per atomd.
The moments reported in the present work are the average of 10–20
such determinations.
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with superparamagnetism resulting from ordered spins, and
indicates that intramolecular spin relaxation26 occurs on a
time scale shorter than the flight time of the clusters through
the magnetic fields,0.4 msd. In this case, the induced mag-
netizationkMzl of the ensembles of clusters displaying high-
field-seeking behavior can be calculated from the magnitude
of the beam deflectionDz as computed from the change in
PSTOF mass peak first moments recording with the magnetic
field on versus off:14,21,27

kMzl = CDzmv2S ]B

]z
D−1

, s1d

wherem is the cluster mass,v is the molecular beam speed,
]B/]z is the field gradient, andC is an apparatus constant.
For a magnetic system in thermal equilibrium, magnetization
kMzl is related to the intrinsic momentm exactly via the
Brillouin function BsTd:10

kMzl = mBsTd. s2d

At temperaturesT in which the conditionmB!kT holds, as
is the case in the present experiment, the Brillouin function
can be approximated by the Curie law:21,26–29

kMzl <
m2B

3kT
. s3d

It is readily shown10,26 that the apparent magnetic moments
for a system of angular momentumJ derived fromkMzl us-
ing the Curie law are upper bounds to the true moments,
exceeding the true moments by the factorÎJsJ+1d /J and
thus approach the actual values ofm fas given by Eq.s2dg
asymptotically asJ→` BecauseJ is unknownsbut clearly
smalld for the clusters studied in these experiments, we will
apply the Curie Law with the caveat that the moments so
derived are upper limits to the true moments. The mean per-
atom magnetic momentsm̄=m /n, determined using the Curie
Law expression for those clusters displaying high-field de-
flections, are shown in Fig. 3.

The beam profiles of certain clusters display symmetric
field-induced broadening such that at sufficiently high fields,
their profiles exhibit distinct Lorentzian-type “wings”ssee

Fig. 2d. This type of field-broadened profile is characteristic
of clusters whose momentsm are locked rigidly to their mo-
lecular frameworks as they tumble through the magnet.4,30–32

Accordingly, the field-broadened peak profiles for Sc5-9,11-19,
Y5-6, and La5 were analyzed using the adiabatic rotor model
of Bertsch and Yabana30 which assumes locked-moment be-
havior in a thermal ensemble of isolated, spherical rotors
characterized by a rotational temperatureTrot. Under condi-
tions in whichmB!kTrot and in the limit of high rotational
quantum numbers, the distribution function of moments
Rsmzd takes on a simple analytical form that is independent
of Trot:

30

Rsmzd =
1

2m
lnS m

umzu
D , s4d

In practice,m was determined by convoluting the unbroad-
ened beam profile with the distribution functionR, and least-
squares fitting the resulting convolution to the field-
broadened beam profile. Details of this convolution and
fitting procedure are described elsewhere.4 BecauseRsmzd is
independent ofmB/kTrot whenmB!kTrot knowledge ofTrot
is not required in the fitting procedure. At fields for which
mB<kTrot, the shape of the moment distribution becomes
dependent onmB/kTrot with the overall distribution becom-
ing asymmetrical, shifting to highermz.

30–32Such behavior is
not observed in the present experiments. An example of a
best-fit convolution profile for Y6 sT=58 Kd obtained using
the adiabatic rotor model is shown in Fig. 2 along with the
experimental field-broadened PSTOF profile. Although the
moments reported here were obtained for clusters generated
at 58±2 K, the same resultsswithin experimental errord
were obtained for clusters generated at various source tem-
peratures, up to 290 K, confirming the temperature indepen-
dence ofRsmzd. The per-atom momentsm̄ derived using
the adiabatic rotor analysis for Sc5-9,Sc11-19,Y5-6, and La5
are shown in Fig. 3, along with the Curie law values obtained
for the superparamagnetic clusters. The beam profiles for
Y11,12,19,20and La12,20 display no measurable deflection or
broadeningsbeyond statistical uncertaintyd even at the high-
est fields; accordingly their moments are taken to be,0.1mb
per atom.

As shown in Fig. 3, the moments for most Scn,Yn, and
Lan clusters are quite smalls,0.3mb per atomd. Notable ex-
ceptions are Sc13,Y8,Y13, and La6, with total moments of
6.0, 5.5, 8.8, and 4.8mb, respectively, thus putting these clus-
ters in the class of true high-spin molecular magnets. The
size variation of the per-atom moments of scandium clusters
and yttrium clusters display many of the same featuresse.g.,
local maxima atn=6, 8, 13, and 18d, with the moments
yttrium cluster tending to be slightly larger. This similarity
may imply a common structural motif for these two series of
clustersfbulk Sc and Y both adopt hexagonal close packed
shcpd packingg. By contrast, the moments of lanthanum clus-
ters evolve with a different pattern than those displayed by
scandium and yttrium cluster, suggesting that they adopt a
different structural motifsunlike Sc and Y, bulk La adopt
double hcp packingd. Whether the structures of Scn,Yn, and
Lan clusters bear any resemblance to each other or to those

FIG. 3. sColor onlined Magnetic moments per atom,m̄, for
Scn,Yn, and Lan sn=5–20d measured with the cluster source main-
tained at 58±2 K.
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of the corresponding bulk solids is unclear, as there are cur-
rently no first-principles calculations of the equilibrium
structures of these species. Note that the size dependencies of
the total cluster moments do not follow a simple odd-even
pattern se.g., between 0 and 1mbd indicative of alternating
singlet and triplet states, as was recently reported for nio-
bium clusters.33 Because the present experiment measures
only the total magnetic moment of the clusters, there is no
direct indication of the nature of the magnetic ordering dis-
played by these cluster systems—i.e., whether they are fer-
romagnetic, ferrimagnetic, or a more complex ordering. Un-
like the situation in bulk transition metals, orbital
contributions may be significant in small transition
clusters.23,34,35

There are currently no first-principles calculations of the
magnetic properties of group 3 clusters to provide guidance
as to the nature of their magnetic ordering. We can, however,
provide estimates for the upper limits of moments assuming
ideal ferromagnetic ordering of localatomicmoments com-
puted using simple electronic structure considerations com-
bined with Hund’s rules. Spedding and Croat have provided
evidence supporting a localized moment of 1.65mb in
bulk scandium based on Curie-Weiss analysis of
susceptibilities.36 In our local moment analysis, we make the
approximation that the atoms comprising Scn,Yn, and Lan
are in nssn−1dd2 electronic configurations. It is further as-
sumed that thes electrons are bonding in nature and contrib-
ute no net spinsand thus no magnetismd as is the case for the
ferromagnetic transition metals9 so that the effective atomic
core can be as described as a3F2 term. In this case, the
Landég factor is computed to be 0.66 and thus the moment
mz=gJ is 1.33mb per atom. This value reflectsintra-atomic
antiferromagnetic coupling of spin and orbital atomic angu-
lar momenta as predicted by Hund’s third rule for less-than-
half-filled atomic shells.10 If, on the other hand, the orbital
moments are completely quenched in small clusters as is the
case in the bulk transition metal ferromagnetssFe, Co, and
Nid, then the only available contribution to magnetism is the
spin S contributed by the twod electrons, assumed to be
ferromagnetically coupledsHund’s first ruled. In this case,
S=1, and becauseg=2.00 in the absence of orbital angular
momentum, the predicted atomic moments are given by
gS=2.00mb per atom. The same set of calculations per-
formed assuming ans2sn−1dd electron configurations yields
gJ=1.20mb sorbital momentum fully includedd and
gS=1.00mb sorbital momentum quenchedd. The per-atom
moments for Scn,Yn, and Lan reported in the present study
are significantly lower than the idealsHund’s rules-basedd
upper limits computed with eithernssn−1dd2 or ns2sn−1dd
orbital populations, suggesting that the ordering is not
strictly ferromagnetic, but rather ferrimagnetic or perhaps a
more complexse.g., noncollineard arrangement of spins. Ac-
curate first-principles calculations of geometry-optimized
clusters will be required in order to understand both the mag-
nitude of the orbital contributions to the overall moments and
the nature of the ordering.

The current theoretical understanding of the paramagnetic
properties of bulk scandium, yttrium, and lanthanum comes
from electronic structure calculations of the extended
solids.11,37–43 We will focus first on scandium and yttrium

and we will refer to the study of Matsumotoet al.39 as a
recent representative of such studies, as it treats both Sc and
Y on an equal theoretical footing, thus allowing meaningful
quantitative comparison between systems. These workers
employed a relativistic spin-polarized band structure method
to compute the paramagnetic susceptibilities of hcp Sc and Y.
They obtained substantial Stoner enhancement factors
f1−JNsEfdg−1 of 4.1 and 4.3 for Sc and Y, respectively,
thus accounting for the relatively high paramagnetic
susceptibilities measured for these metals.36,44 In both met-
als, the key quantity responsible for the substantial Stoner
enhancements was the high value ofNsEfd. Notably, the
paramagnetic spin anisotropysc axis versusa axisd com-
puted for hcp Y was a factor of 10 larger than that for hcp Sc.
This result runs counter to the present finding that all
scandium clusters in then=6–22 range studied display
locked-moment behaviorsreflecting high magnetocrystalline
anisotropyd whereas the majority of yttrium cluster display
superparamagnetic behaviorsreflecting low anisotropyd,
with only Y5 and Y6 displaying locked moment behavior.
However, these calculations are for extended hcp solids in
which magnetocrystalline anisotropy effects are significant.
It is not expected that the structures of finite Scn and Yn
clusters bear any resemblance to those of the corresponding
extended solids, but rather display their own unique
structure-dependent internal magnetic anisotropies. Although
several band structure calculations have been performed
on dhcp and face-centered-cubic phases of lanthanum,40–43

none of the derived electronic propertiesse.g., susceptibili-
tiesd hint at spontaneous magnetic ordering for either phase.
The appearance of magnetic ordering in small lanthanum
clusters clearly implies electronic structures unlike the
bulk phases.

IV. CONCLUSIONS

The present results were obtained for isolated clusters.
Whether anomalous magnetism as is observed here for
isolated clusters is also observed in condensed phase cluster-
assembled magnetic materials45,46 remains an open question
having important technological implications. As the
characteristic length scales of magnetic materials are pushed
into the nanometer regime, it can be anticipated that normal
magnetic behaviorse.g., as exhibited by conventional iron
or cobalt ferromagnetic particlesd may give way to unusual
unanticipated confinement-induced magnetic behavior,
including anomalous magnetic ordering in nominally
nonmagnetic elements. Efforts in probing such phenomena
in condensed phase samples of size-selected clusters are
currently underway in our laboratory and will be reported in
the future.
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