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Magic Numbers in the Magnetic Properties of Gadolinium Clusters
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Gadolinium clusters (N =11-92) in a molecular beam exhibit dramatic size dependences in their
magnetic properties. Two principal behaviors are observed: rigid rotor precession and nutation when the
magnetic moment is tightly locked to the lattice by crystal anisotropy, and superparamagnetism when
the moment is approximately free. Partially locked behavior is also seen. Magnetic moments of about
3up per atom are observed, with Curie temperatures substantially above the bulk value. Moments that
remain locked above 300 K may permit ultrahigh density magnetic memory.

PACS numbers: 75.50.Cc, 36.40.+d

Recent studies of magnetic behavior in transition-metal
clusters have found that iron and cobalt clusters all
deflect toward strong field when they pass through a gra-
dient magnet [1,2]. This strong-field-seeking behavior
has been identified as superparamagnetism, where each
cluster has a single large magnetic moment which fluctu-
ates rapidly in orientation under the influence of the
cluster’s vibrational temperature [2,3]. This single
“super”” moment will have some time-averaged alignment
with any applied magnetic field; hence the name “super-
paramagnetism.”” Above a certain vibrational tempera-
ture, sufficient thermal energy is available to unlock the
moment from any easy axis of the cluster and to permit
such free movement. The small crystal anisotropies in
the transition metals permit the moments to become free
at fairly low temperatures [4] and have restricted present
studies of isolated transition-metal clusters to the super-
paramagnetic regime. Nonetheless, there should be a
very low vibrational temperature regime in which the
magnetic moments are locked to the cluster lattices. Un-
able to find such behavior in transition metals above 80
K, we turned to the rare earths, which have large mag-
netic anisotropy energies in the bulk.

In this paper, we report measurements of the magnetic
behavior of gadolinium clusters (N =11-92) at 105 K.
We find that their magnetic properties are dramatically
size dependent. While some cluster sizes behave super-
paramagnetically, others exhibit a qualitatively different
behavior that includes deflection toward weaker magnetic
field. This behavior has never been observed before and
we have determined that it is due to rigid rotor precession
and nutation of clusters with their magnetic moments
locked to their lattices. The very-low-vibrational-tem-
perature behavior that we could not find in the transition
metals has been found in the rare earths.

The experimental details have been discussed previous-
ly [2,5] and will be reviewed here only briefly. We grow
the Gd clusters in a helium-filled source from atoms pro-
duced by pulsed laser vaporization of a sample disk. The
clusters are retained in the source for nearly a mil-
lisecond, during which time they stop growing and
thermalize with the walls. The entire source assembly,
including the helium gas, is cooled to 105 K. The helium
and cluster mixture then undergoes free-jet expansion

into a vacuum chamber to form a supersonic molecular
beam.

The beam is collimated by two slits, 0.4 mm wide by
2.5 mm high, and passes through a 250-mm-long gradient
magnet with a quadrant of a quadrupole geometry. Any
time-averaged projection of a cluster’s magnetic moment
on the field will produce a transverse force and a subse-
quent deflection. The clusters drift for 1183 mm after the
magnet and are then photoionized by a 193-nm ArF exci-
mer laser beam. A time-of-flight mass-spectrometer ana-
lyzes and detects the cluster ions. We collimate the laser
beam so that it is 0.5 mm wide and scan it across the
cluster beam in order to determine the deflection profiles.

A rotating chopper wheel, located near the cluster
source, plays two important roles. First, it is a velocity
selector since only clusters that travel from the chopper
aperture to the mass spectrometer in a set amount of time
will be detected. Velocity selection is needed to deter-
mine the magnetic moments. Second, it establishes the
time at which the detected clusters left the source. The
residence time 7. between the vaporizing laser pulse and
the moment the clusters leave the source determines the
vibrational temperatures of the clusters. The longer 7.,
the closer the vibrational temperature of the clusters will
be to the source temperature.

While there has been a long-standing belief that free-
jet expansions are moderately effective at cooling vibra-
tional temperatures in clusters, we see no evidence for
such cooling in our expansion [2]. Recent measurements
of photoinduced thermionic emission in small clusters of
refractory metals have also found that vibrational tem-
perature can be established only by long residence in the
source and that free-jet expansions produce only negligi-
ble vibrational cooling [6]. Therefore, if the clusters are
allowed to reach thermal equilibrium with the source,
their vibrational temperature 7Ty, will remain at the
source temperature Touree as they travel through the
molecular beam. In contrast, there is very little heat
capacity in the rotational degrees of freedom and we ex-
pect substantial cooling of each cluster’s rotational tem-
perature T, during the expansion. For the expansion
conditions in our source, we expect Ty to be approxi-
mately 5% of the source temperature or about 5 K [7].

All of the measurements reported in this paper were
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made with 7.,=884 us, long enough for the clusters to
reach thermal equilibrium with the source. We verify
this equilibrium by measuring the magnetic moment of a
superparamagnetic cluster, Gdj;, as a function of 7.
Beyond 7..,=884 us, no increase in moment is observed.
The clusters have reached thermal equilibrium with the
source so that Ty, = Tsource =105+ 3 K.

Figure 1(a) shows a structureless spectrum of Gd clus-
ters observed directly on the beam axis with the gradient
magnet turned off and the apparatus optimized to observe
clusters near Gdjs. As soon as the gradient magnet is
turned on, the clusters deflect and the spectrum changes
considerably. On the beam axis, Fig. 1(b), the abun-
dances of most clusters fall significantly but several sizes
remain quite intense. Most of the missing Gd clusters are
deflected in the direction of strong magnetic field, Fig.
1(c), but some are deflected to weak magnetic field, Fig.
1(d). The detailed behavior of each cluster size can only
be determined by mapping out its entire deflection profile
for several different magnetic fields. We have performed
this exercise for the clusters Gd;; through Gds, and find
that most clusters exhibit mixtures of two specific behav-
iors.

The first behavior is superparamagnetism, as was seen
in the transition metals. During the measurement time, a
superparamagnetic cluster explores the entire Boltzmann
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FIG. I. Mass spectra of Gd clusters, with the apparatus opti-
mized around Gdss. (a) A spectrum of clusters on the
undeflected beam axis without any magnetic field. (b)-(d)
Spectra of clusters when a field of 0.132 T and a gradient of SO
T/m is applied: (b) on axis, (c) 2 mm to strong field, and (d) 2
mm to weak field. No clusters are seen 2 mm away from the
axis when the magnetic field is off. Double ionization, responsi-
ble for the extra peaks at low mass, was avoided during actual
data collection and analysis.

distribution for the projection of its moment on the ap-
plied magnetic field. Thus, its observed behavior is
characterized completely by three parameters: the mag-
nitude of its magnetic moment, its vibrational tempera-
ture, and the applied magnetic field. There is no depen-
dence on initial orientation and all clusters with the same
moment and vibrational temperature will deflect identi-
cally. The signature of superparamagnetic behavior is a
small deflection of the beam that does not broaden its
profile and that is linear in both the applied field and the
field gradient.

The second behavior has not been observed before and
is characterized by a dramatic spreading of the cluster
beam. Such spreading does not occur in superpara-
magnetism. Most of the clusters deflect toward strong
field, but a significant fraction deflect toward weak field
when the applied magnetic field is small. In order for
clusters of the same mass and rotational and vibrational
temperatures to exhibit such a broad range of magnetic
moments, they must retain information about their initial
conditions. We believe that these spreading clusters have
their magnetic moments locked to their lattices, prevent-
ing the relaxation processes that yield superparamagne-
tism.

The fraction of clusters exhibiting each of these two
behaviors is extremely cluster-size dependent. Some clus-
ters, such as Gdjy, Gd3o, and Gdj;, have very large super-
paramagnetic components. Because this component de-
flects only slightly, it is still visible on the beam axis in
Fig. 1(b) but is not seen far off the axis in Figs. 1(c) and
1(d). Gd,, is 70% superparamagnetic and has a magnetic
moment of (3.1530.30)up per atom at 102+ 3 K.

The two adjacent sizes Gd;; and Gd,; have almost no
superparamagnetic component. These clusters spread to
both strong and weak field, as can be seen in Figs.
1(b)-1(d). Figure 2 shows deflection profiles for Gd,, at
four values of the magnetic field. These profiles are
representative of all the nonsuperparamagnetic clusters.
At very small applied fields and small cluster sizes, the
beam spreads almost symmetrically to both weak and
strong fields. As we increase the applied field or the clus-
ter size, the profile shifts toward strong field and finally
forms a ramp that increases from zero near the beam axis
to a maximum value at a large strong-field deflection be-
fore dropping off abruptly.

Let us suppose that this spreading behavior is due to
clusters with magnetic moments that are locked to their
lattices. We can treat these clusters classically because
they have very large angular momentum and spin quan-
tum numbers. We consider a particular cluster size and
model each cluster as a sphere with moment of inertia /,
body-fixed magnetic moment u, and angular momentum
lw, that is precessing and nutating in an applied magnet-
ic field B. Each cluster has a magnetic potential energy
Umag=pB and a rotational kinetic energy U =I10?%/2.
If Umag KUror, the angular momentum vector will simply
precess around B. If Up,e>> Uy, the cluster will oscillate
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FIG. 2. Deflection profile of Gd,; as a function of magnetic
field. The solid curves are the predictions of the rigid rotor with
body-fixed magnetic moment model using 7., =5.8 K, u
=2.56up per atom, and 4% of the clusters behaving super-
paramagnetically. The narrow peak in the solid curve near zero
deflection in (d) is the 4% superparamagnetic component,
shown separately as the dashed curve.

like a pendulum, in and out of alignment with B. When
Umag=U q, the cluster will undergo very complex preces-
sion and nutation that can only be followed by a comput-
er.

The time-averaged projection of a cluster’s magnetic
moment on the field gradient, p.y, will depend strongly on
that cluster’s initial angular momentum vector, its initial
magnetic moment vector, the applied magnetic field, and
how it enters that magnetic field. The applied magnetic
field is ours to choose and the entry into that field is adia-
batic [8]. However, many initial angular momentum and
magnetic moment vectors are possible and must be con-
sidered. The magnitudes of these vectors are set by the
rotational temperature of the supersonic cluster beam and
total magnetic moment of a cluster, but there are no re-
strictions on the initial angles.

Since different initial conditions will yield different
values for p.r, we must examine a statistical ensemble of
initial configurations in order to determine the probability
of observing a particular py.y and thus a particular
deflection. At each applied field, a statistical ensemble is
characterized by its rotational temperature T,y and its
magnetic moment u. To produce a theoretical deflection
profile for a particular choice of these two parameters. we
numerically integrate the equations of motion for 10’
different initial cluster configurations and fold in the ex-
perimental spatial resolution.

The model has only three adjustable parameters: rota-
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tional temperature, magnetic moment per atom, and the
fraction of clusters that are superparamagnetic. A best-
fit family of theoretical profiles, calculated at the four
values of applied field, appear as solid curves in Figs. 2(a)
to 2(d). The fit is very good, supporting the locked-
moment model. Moreover, the model predicts that the
width of the deflection profile should be approximately
proportional to |VB], in agreement with the observed re-
sults. The values of the parameters obtained from the
fitting process are T, =5.8 K, close to the value we ex-
pected for our free-jet expansion, u=2.56up per atom,
approximately the same value seen for the superparamag-
netic clusters, and 4% as the fraction of clusters that are
superparamagnetic.

Varying the parameter u principally affects the width
of the theoretical deflection profile, varying T, changes
its overall shape, and changing the superparamagnetic
fraction changes the height of the narrow peak near zero
deflection [see Fig. 2(d)). Modest changes in these pa-
rameters substantially worsen the fit to the data so that
we determine Ty =5.8 2.0 K, u=(2.56 £0.30)up per
atom, and a superparamagnetic fraction of (4 +2)%, in-
cluding systematic errors.

Data for other clusters with spreading components are
in similar good agreement with theoretical profiles based
on the same rotational temperature and approximately
the same magnetic moment per atom. For small clusters
or low fields, Umag < Uro and clusters with locked mo-
ments should spread almost symmetrically. The applied
field is only a small perturbation on these clusters and the
equal probability of the moment pointing with or against
the field leads to the symmetric spreading. The relatively
large number of small clusters seen on the weak-field side
in Fig. 1(d) reflects a symmetric spread, in agreement
with the model.

For large clusters or high fields, Umaz > Uror and the
model predicts that the deflection profiles should shift to
the strong-field side. For such clusters, precession and
nutation in the applied field dominate their dynamics and
they spend much of their time aligned with the field.
Adiabatic entry into the magnet also tends to align each
cluster’s magnetic moment with the field by converting
magnetic potential energy into translational kinetic ener-
gy. To understand this effect, consider a nonspinning
cluster that enters the magnet with its moment at some
angle to the field. It behaves as a spherical pendulum, os-
cillating rapidly in and out of alignment with the field.
Because the field increases while it is aligned with the
field, the cluster is unable to fully return to its original
angle of misalignment. The cluster gradually becomes
more aligned with the field. To conserve energy, the clus-
ter accelerates as it enters the magnet. When the adia-
batic entry process is included in the locked-moment
model, the predicted deflection profiles agree with the ob-
served profiles.

Thus, we attribute the spreading behavior to clusters
with magnetic moments locked to their lattices. Such
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FIG. 3. Fraction of Gd clusters with their magnetic moments
locked to their lattices at 105 K. Bars indicate experimental
uncertainty. The remaining fraction is superparamagnetic.
Sizes marked with a solid dot exhibit behavior consistent with
moderate confinement of their moments to the lattice and be-
come completely superparamagnetic by 300 K.

locked-moment behavior was anticipated but had never
been seen before in free clusters. The fraction of clusters
with locked moments depends critically on size (see Fig.
3) and gives rise to magnetic magic numbers in the spec-
trum of Gd clusters. Cluster sizes exhibiting both
locked-moment and superparamagnetic behaviors could
indicate that there are different isomers in the beam.
However, it is more likely that each cluster size is a single
isomer with a complicated crystal anisotropy energy sur-
face that traps some orientations of the magnetic moment
in potential minima while permitting other orientations to
circulate almost freely around the cluster in potential
troughs. A cluster with its moment tightly confined in a
sharp angular minimum will exhibit locked-moment be-
havior, while an otherwise identical cluster with its mo-
ment loosely confined by a trough or shallow angular
minimum may appear superparamagnetic.

As the vibrational temperature of a cluster increases,
its moment explores larger regions of solid angle. A po-
tential minimum may no longer tightly confine the mo-
ment, which may even begin to tunnel through barriers
during the 500-us measurement time. When confinement
of the moment has become sufficiently weak, we would
expect to see intermediate behavior, neither super-
paramagnetic nor locked moment. Several cluster sizes,
each indicated by a solid dot in Fig. 3, have deflection
profiles that are intermediate between the narrow peak of
a superparamagnet and the broad slope of a locked-
moment cluster and probably have such moderately
confined magnetic moments at 105 K. When the source
is operated at 300 K, these clusters are superparamagnet-
ic. The additional thermal energy has unlocked their mo-
ments.

Not all clusters lose their locked-moment component at
300 K. Clusters still clearly exhibiting spreading behav-
ior include Gd|2_|(,, Gd|9-2|, Gd23, Gdz(,, and Gd55.
Several clusters that have locked moments at 105 K show
intermediate behavior at 300 K (Gd;, Gdjss, and
Gdsz s4) while others are completely superparamagnetic
(Gdl']).

We can study very hot clusters by choosing a 7. that
is far too short to ensure thermal equilibrium and using
superparamagnetic Gdy; as a rough thermometer. At
800 £ 200 K, all of the Gd clusters are found to be super-
paramagnetic. We have not yet exceeded their Curie
temperature. In contrast, the bulk Curie temperature for
Gd is 293 K. We also note that all of the observed mag-
netic moments, both locked and unlocked, are (3% 2)ug
per atom, far less than the bulk limit of 7ug per atom.

Many Gd clusters exhibit locked-moment behavior at
and above room temperature and could be used to
produce ultrahigh-density magnetic memory. Clusters
formed in a cw source could be filtered by a gradient
magnet and deposited in an inert matrix.

In summary, we find that Gd clusters exhibit both su-
perparamagnetic and locked-moment behaviors. At 105
K, most cluster sizes show some mixture of the two. As
vibrational temperature increases, magnetic moments be-
come more weakly confined and locked-moment behavior
evolves into superparamagnetism. All the observed Gd
clusters are superparamagnetic well above the bulk Curie
temperature. Clusters with locked magnetic moments
can be used to measure their own rotational tempera-
tures. We find that free-jet expansions can effectively
cool cluster rotational temperatures.
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