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ABSTRACT: Rare-earth metals in their bulk form possess rather similar crystallo-
graphic structures, which is due to the very similar features of their outer electronic
states. On the contrary, their magnetic properties are of rich variety, which is related to
the specific form of the indirect magnetic exchange interaction between the inner
electronic shells. In cluster form, this interplay may lead to very unusual magnetic
structures. Here we show how the magnetic moments vary with size and temperature in
Tm and Pr clusters. Although in Pr clusters clear atom-by-atom oscillations indicate
antiferromagnetic ordering, smooth variation and anomalous temperature behavior in
Tm is representative for an essentially noncollinear spin arrangement. Their electric
behavior is also very different, with a metallic-like behavior of Pr and localized

electronic states in Tm.

B INTRODUCTION

Atomic clusters are the smallest pieces of matter where
condensed matter properties gradually emerge with the number
of constituent atoms.' Moreover, the physical and chemical
properties of each cluster can vary strongly on an atom-by-atom
level, leading to intriguing magnetic,z’3 electric,* and cataly‘cic5
properties. It is these variations that lead to a strong interest in
cluster physics both from the fundamental point of view and for
the possibility of design of materials with a-priori selected
properties.

Clusters made of rare-earth metal elements, moreover,
represent an intriguing magnetic system. Indeed, the Ruder-
man—Kittel—Kasuya—Yosida (RKKY) mechanism,’~® which is
invoked to explain the exchange coupling in the bulk, has
obviously no application in clusters, where the k-vector is not
defined. In addition, the rare-earth metals with partially filed 4f
shells have large atomic moments and show a variety of
interesting magnetic phases at low temperature, due to the
oscillatory nature of the indirect exchange interaction.” These
magnetic properties are highly sensitive to the lattice geometry,
making it particularly interesting to investigate the rare-earth
metals in cluster form, where the majority of atoms have
unusual coordination numbers and interatomic distances.

Particularly interesting could be a comparison between light
and heavy rare-earth metals. In the light ones, a relatively large
radius of 4f shells means a sizable influence of the neighbors. As
a consequence, in bulk praseodymium the crystal field
interaction wins over the Hund’s rules, leading to the
disappearance of the atomic magnetic moment. On the
contrary, in heavy rare-earth metals, 4f shells are of small
radius and only indirectly interact with the environment.

In this paper we demonstrate that the clusters of 4f elements,
surprisingly, both in the beginning of the row of the Periodic
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table (praseodymium) and at the end of it (thulium) show
qualitatively similar behaviors, both with high temperatures of
magnetic ordering and with nonferromagnetic arrangement of
atomic magnetic moments. For Pr clusters, clear atom-by-atom
oscillations of the total moment are consistent with the
collinear antiferromagnetic configuration. In contrast, the
evolution of magnetization in Tm clusters is much more
smooth, indicative of noncollinear spin structure. Both systems
show an unusual temperature behavior of the magnetization. In
particular this relates to Tm clusters, where almost all sizes
show an initial increase of the magnetic moment with
temperature.

B RARE EARTH METALS FROM BULK TO CLUSTERS

In most cases, the magnetic properties of the rare-earth metals
can be understood in what is usually called “the standard
model”,” according to which the magnetic 4f-electrons in the
metal have the same angular-momentum quantum numbers as
in the free ion. They interact with the surrounding crystal field,
and with each other through an indirect exchange mediated by
the conduction electrons.

The particular form of the indirect exchange interaction in
this case is of the RKKY type, which is thus an oscillatory
coupling with the period given by the spanning vector of the
(rather complicated) Fermi surface of the particular metal.
When rare-earth metal atoms are assembled in a solid, the 4f
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electrons remain localized, whereas the external Sd and 6s
electrons extend through the metal and form the conduction
electron gas. These conduction electrons themselves make a
negligible contribution to the magnetic moment, but by
mediating the magnetic interactions, they play a crucial role
in the determination of the magnetic properties. The
interactions of the electronic states with the crystal fields
make the magnetism of the rare-earth metals to be extremely
sensitive to the atomic arrangement. The appearing magnetic
structures of rare-earth metals are thus determined by the
interplay between exchange, crystal field, and magnetoelastic
contributions. The oscillatory nature of the RKKY exchange
interactions is a driving force behind the complicated spiral
structures and modulated magnetic moments.'® The situation is
somewhat simpler in the heavy rare-earth metals, where the 4f-
shells are better protected from crystal field influences.

In thulium, at the Neel temperature of Ty = 56 K, the
moments order along the c-axis with their values sinusoidally
modulated."""> The modulation squares up at lower temper-
atures once the amplitude begins to exceed the free-ion
moment of 7.0 py at roughly 40 K. At 32 K, a ferromagnetic
component appears and at the lowest temperatures, an “anti-
phase” square wave structure is obtained with four layers having
“ap” spin (still along the c-axis) and three layers having “down”
spin with an exact period of seven layers.'>

For a number of years praseodymium has been a metal of
particular interest; there has even been a controversy about the
existence of magnetic ordering, with a conflict between the data
from samples of different morphology."> An antiferromagnetic
structure was found below 25 K on powder and polycrystalline
samples,“’15 with an average spontaneous moment of about 0.7
pg/atom. In contrast, no evidence of magnetic ordering in
single crystals was found down to 0.4 K.'*'” Even more
intriguing, the fcc phase of Pr was suggested to be
ferromagnetic below either 8.7'% or 20 K,'* with a saturation
moment of 0.76 ug/atom.

It was finally agreed that the original atomic configuration of
the Pr’* ion (S =1, L = 5, ] = 4) is destroyed by the strong
crystal field of the dhcp structure, so that it has a singlet ground
state."” Magnetism can occur by induced-moment behavior,
due to the mixing-in of the higher crystal-field levels through
the exchange interaction.'” ™' Therefore, the effects of strain
on the crystal fields could be responsible for magnetic ordering
in polycrystalline samples. There is a considerable evidence that
the exchange interaction in this system is close to the critical
value for the induced moment to appear.””

Given the rich variety of the bulk properties, it should come
as no surprise that rare-earth metal clusters also exhibit a rich
variety of magnetic behaviors. From the beginning, these
materials were promising for cluster studies due to the large
atomic magnetic moments and strong magnetic anisotropies.
Magnetic deflections of several of the heavy rare-earth metal
clusters, such as Gd, Dy, Tb, and Ho, were studied. In fact,
more questions were triggered than answers provided, by the
observation of high Curie temperatures in very small clusters of
Gd™ or by the suggested field-induced antiferromagnet to
ferromagnet transition in Dy clusters.>* Surprisingly, the
majority of the rare-earth metal clusters showed the locked-
moment behavior”>™** indicating huge magnetic anisotropy.
Even taking into account strong crystal-field effects of the bulk
rare-earth metals, such values of anisotropy were unusual. Tb
and Ho clusters demonstrated a kind of “magic number” in
their magnetic moments, these numbers being equal for the

two metals.”” All these findings have raised a question about the
origin of magnetism in the rare-earth metal clusters, which
remains unanswered to this point. That the mechanism of the
exchange interaction may be drastically different from the bulk
one, was indicated by the observation that in oxygen-doped
clusters, in spite of clear modification of electronic properties,
the magnetic moments stay unchanged.

To our knowledge, this is the first experimental study on the
magnetic properties of Pr and Tm clusters. These two elements
have a certain similarity of the atomic configuration of their 4f
shells (two 4f-electrons in Pr versus two 4f holes in Tm);
however, their bulk properties are drastically different due to
different interaction of the “magnetic” electrons with the
environment, as discussed above.

B EXPERIMENTAL DETAILS

Neutral metal clusters were produced in a cryogenically cooled
laser vaporization source. A 10 ns pulse of a doubled
neodymium-doped yttrium aluminum garnet laser of 532 nm
wavelength is focused onto a target rod of rare-earth metals.
The laser pulse ablates a plasma of metal vapor that is
subsequently quenched by a pulse of cryogenically cooled to 15
K helium gas. The metal vapor condenses into clusters and the
clusters remain in the source long enough to ensure that they
are at thermal equilibrium with the buffer gas. After this dwell
time, the gas—cluster mixture is expanded through a nozzle into
a vacuum. The nozzle expansion is skimmed and collimated
into a narrow beam. The beam velocity is determined by the
temperature of the buffer gas and is measured using a
mechanical chopper.

To measure the magnetic response, the cluster beam is
directed between the pole faces of a Rabi-type two-wire
electromagnet, which applies an inhomogeneous magnetic field
of 350 T/m in a direction transverse to the beam. To measure
the electric response, the cluster beam is sent through a coaxial
electric deflection plate, which applies an inhomogeneous
electric field of up to 7 X 10° V/m and a gradient of 2 X 10° V/
m? In both of these cases, the clusters experience a force and
are deflected in a direction transverse to the beam. By
measuring the deflections, we can determine the magnetic
moment or electric dipole of the clusters.

We should note here that it is still a point of discussion,
which exact mechanism relates the measured deflections with
true ma%netic moments of the clusters: internal spin
relaxation™ or via avoided crossings at the spin-rotational
Zeeman diagram.>"** Both of them actually connect the cluster
magnetic moment g with the measured deflection M and the
applied magnetic field B via the Langevin formula

uB ) kT

1
M=y coth(— =
kT uB 3 kg (1)

the last approximation being valid at low fields and/or high
temperatures. The major difference is thus which temperature
should be taken to make the link: that of the rotational or
vibrational system? The problem is avoided by using very
gentle expansion conditions of the source, and the source
temperature is used as a reference. Moreover, the temperature
of the clusters was confirmed by the measurements of the
velocity of the cluster beam.

After the deflection magnet, the clusters are mass separated
and the deflections are measured with a position sensitive time-
offlight mass spectrometer,® which simultaneously measures
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their deflections d and their masses m. This is achieved by a
defocusing of the mass spectrometer, where the linearity of the
deflection is assured by an extra electrode. The clusters are
ionized by an ArF excimer laser (193 nm/6.42 eV).

B RESULTS AND DISCUSSION

Magnetic Moments. The magnetic deflection profiles or
Pr clusters are shown in Figure 1, and the first thing that one
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Figure 1. Magnetic deflection profiles of selected Pr, clusters at 29 K:
black dashed line, profiles in the absence of the applied magnetic field;
solid blue line, field of 0.6 T applied.

notices is that Pr clusters are indeed magnetic. We remind the
reader here that bulk Pr is typically nonmagnetic due to the
large crystal field splitting present in bulk samples. Due to the
reduced average coordination number of clusters, it is
reasonable to expect that the crystal field splitting is also
reduced.

From the deflection profiles the magnetic moments can then
be extracted and are presented in Figure 2. From the moments
per atom, we can see that changes from one size to another are
nonmonotonous and highly depend on the number of atoms in
the cluster. For example the cluster sizes Pr,, n = 10, 13, 15, 17,
19, 22, 26, 29, and 33 have a higher moment per atom than
their neighboring sizes. Also, when looking at the deflection
profiles of the clusters (Figure 1), we can see that these “high-
moment” clusters all are significantly broadened as well as
shifted, thus undergoing a single-sided deflection. At n = 13—20
a clear odd—even effect can be seen, where odd clusters have a
higher moment per atom. An odd—even oscillation could be
indicative of an antiferromagnetic ordering within the cluster,
where each subsequent atom aligns antiparallel to the previous
one. In support of this, the amplitude of the oscillations of the
total moment of the cluster (~4 yi) agrees reasonably well with
the atomic moment of Pr (3.27 ug). The clusters are not ideally
antiferromagnetic though, as there is a residual magnetic
moment of about 1 pg per atom.
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Figure 2. Magnetic moment per atom of Pr, clusters at 29 and 49 K.
Note the enhanced moment for Pr;;, and the distinct odd—even
oscillations with increasing n for n = 12—20.

Other possible causes for the size dependence of the
magnetic moment include either a change in the structure of
the cluster or a change in the interaction strength between the
local moments. Structural changes would have an indisputable
influence on the magnetic ordering, exchange coupling, and
anisotropy energy of the cluster through changes in the
separation of the atoms and on the crystal field strength. The
exchange interaction can also be affected by changes in the
density of states of the valence electrons in the cluster. Here we
should recall that although the bulk RKKY exchange
mechanism as it is cannot be applied here, one or another
form of the indirect exchange interaction, mediated by spin-
polarized valence electrons, seems to be the only viable
alternative. As the number of unpaired electrons in the system
changes, the exchange interaction strength likely changes
accordingly.

As several temperatures have been measured, it is also
possible to investigate the effect of temperature on the
magnetism of Pr clusters. In doing so, two effects can be
seen: (i) the magnetic moment of Prj; increases with
temperature across the investigated range, and (ii) the
magnetization width decreases with temperature for the clusters
that exhibit significant broadening at 29 K, namely, n = 10, 15,
17, 19, 22, 26, 29, and 33.

First it is important to note that the moments shown in
Figure 2 have already been corrected for temperature, and thus
any (significant) differences in the value of the moment are a
result of a reordering of the magnetic structure of the cluster.
Interestingly, when considering the magnetic moments seen in
Figure 2, one can see that the (temperature corrected)
moments do not differ significantly with temperature for
these cluster sizes. This would suggest that, even though the
profile itself can be affected by temperature, there is no
significant reordering of the magnetic structure with an increase
in temperature. This decrease in broadening is consistent with
the avoided crossing model,* where the deflection profile
reflects the internal energy distribution of the cluster ensemble.

Apart from Pr, the magnetic moments of Tm clusters have
also been measured at several temperatures, Figure 3. In
considering the magnetic moment as a function of cluster size,
one can see that, in general, there is no significant dependence
on the number of atoms in the cluster, nor is there any odd—
even oscillations. The moments per atom are, however,
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Figure 3. Magnetic moment per atom of Tm,, clusters at 23 and 51 K.
For some cluster sizes an odd—even effect can be seen, however, not as
prominent as that in Pr clusters (Figure 2). Note that the magnetic
moment depends on temperature.

significantly reduced from the atomic value of 7 pg, possibly
indicative of canted or noncollinear moments.

Further, it is immediately seen that Tm, similar to some of
the Pr clusters, exhibits an anomalous temperature dependence.
For Tm this feature is much more general in the sense that
practically all the clusters in the measured size range show an
increase of magnetization in some temperature range.

The magnetization of Tm clusters and a limited number of
Pr clusters thus show an unexpected temperature dependence;
namely, the net magnetization increases with temperature
across a certain range, as seen in Figure 4. This increase with
temperature is predominant across most Tm clusters studied,
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Figure 4. Temperature dependencies of the cluster atomic magnetic
moment of selected Pr (a) and Tm (b) clusters.

and a small number of Pr clusters (most significantly Pr,;). This
effect has also been observed previously in Gd clusters.”® One
possible explanation for this unusual temperature dependence
was given by Cerovski et al.>* (and later others®®), where they
attributed it to a canted magnetic ordering, first described for
the case of Gd,; by Pappas et al.*® Similar results have been
found using an Ising model, including the case of an
antiferromagnetic cluster.””

Interestingly, as was already indicated above, whereas Tm
shows an increase in magnetization with temperature for all
cluster sizes investigated, only Pr;; shows a significant increase
in moment with temperature (Pr;; shows a minimal effect).
This could be the result of a differing exchange coupling
strength for the next-nearest neighbors. An important question
here is why the coupling strength, though not size dependent in
Tm clusters, is size dependent in Pr clusters.

A separate note should be added here on the notation of the
ordering (Curie) temperatures in the case of clusters. Of
course, the bulk definition is not applicable here, in a strict
thermodynamic sense. We thus use this term approximately, as
above a certain range (around 150 K in both cases) it is difficult
to experimentally distinguish between paramagnetic cluster
saturated in the applied field, and a ferromagnetic one.

Electric Dipoles and Polarizabilities. A certain insight
into this problem can be obtained from the electronic
structures of the clusters. Unfortunately, very little has been
done in the case of rare-earth metal systems. Minimum
experimental data would be provided by the electric polar-
izability and dipole moment, such as, for example, in the case of
Tb clusters doped with oxygen.*®

Presented in Figure § are the polarizability and electric dipole
of Pr and Tm clusters, respectively. First of all, the Pr clusters
show an average polarizability of 10—15 A’/atom and an
average electric dipole of 0.002—0.003 D/atom, both of which
are relatively low and the clusters can thus be considered as
having no anomalous electric properties. One could also
consider them in principle as being “metallic”. We should note
here that the definition of the metallicity in such small clusters
can be ambiguous as no continuous bands across the Fermi
level exist here. For a recent discussion of these issues, see ref
39.

In contrast to Pr, the electric properties of Tm, show many
anomalous, size-dependent effects, such as unusually large
polarizabilities and permanent electric dipoles for sizes n = 10—
12, 19, and 27—-32. Note that a high permanent dipole can also
cause an increase in the observed shift in the deflection profiles;
thus it is possible that the observed high polarizability is a side
effect of the large electric dipole moment present in certain Tm
clusters.

One possible explanation for the size-dependent changes in
the electric dipole of the clusters is structural in origin. One
condition for metallicity is a periodic oscillation of the
electrostatic potential in real space. In k-space, this relates to
a dispersion relation with bands where the valence electrons
would interact with the lattice, and bands where they are free. If
a particular cluster size has a low symmetry such that there is no
region in k-space where the electrons are free to move within
the cluster, then charge mobility will be hindered.

A reduction in carrier mobility will result in the inability of
the valence electrons to shield a local charge, thus resulting in
the formation of an electric dipole across the cluster. (A
reduction in the mobility of the free electrons in the cluster
would actually result in a decrease in the polarizability. As peaks
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Figure S. (a) Polarizability of Pr, and Tm, at 26 and 19 K
respectively. (b) Electric dipole of Pr, and Tm, clusters. The dashed
line at 0.002 D/atom represents an approximate baseline for the
measurement method.

in the dipole correlate with peaks in the polarizability, this
points to a side effects in the measurement process.)

Another possible explanation for the size dependent electric
properties is that all clusters actually have a charge localization
within the cluster, but that this does not manifest as a net
electric dipole due to the symmetry of the cluster. Therefore,
the high-dipole clusters in this case are simply clusters that are
asymmetric and thus charge localization does result in a net
dipole.

When comparing the magnetic properties of the clusters
from Figures 2 and 3 with the electric properties, one can see
that there is little correlation between the peaks in each graph.
That is to say, the polarizability and electric dipole have little
effect on the magnetic properties of Pr clusters. This would
imply that the changes seen from one size to another in the
magnetic moment are not of electric origin. It is important to
note, however, that the measured electric properties do not
always reflect possible changes in the electronic structure of the
cluster. It is therefore possible that, for example, the relative
densities of the spin-up and spin-down electrons in the valence
system do change with cluster size, but these changes do not
have an effect on the measured polarizability. (Recall that it is
the unpaired valence electrons that mediate the RKKY
exchange interaction between the local 4f moments, not the
total electron density.)

At higher temperatures, starting at 80 K, the deflection
decreases and normal “metallic” behavior returns. This implies
that there is a transition from the high-polarizability, high-
dipole state at low temperatures, to a metallic state at higher
temperatures. This behavior has been seen previously in Nb

clusters* and was in that case related to the formation of a
ferroelectric state at low temperatures.

A strong structure dependence of the magnetism has also
been observed in the literature;*® thus the answer could lie in
differing preferred packing schemes. To elucidate this, a
structural investigation of the rare-earth metal clusters is
necessary. For example, geometrical conformations of Tb
cation clusters were investigated with the help of infrared
vibrational spectroscopy.*® Such study, however, is still unique
as far as rare-earth metals are concerned.

We remind readers here that the electronic configuration of
trivalent Pr is 4f* whereas the configuration of trivalent Tm,
which is usually the bulk configuration for the majority of the
rare-earth metals, is 4£.'> Thus, we have the same spin and
orbital moments in both systems, but with the opposite sign of
the spin—orbit coupling. This leads to a considerably different
total atomic magnetic moment in the 4f shells of these
elements, with the orbital part (S yz) dominating the spin one
(2 pp) in both cases. Though we see (compare Figures 2 and 3)
a certain difference in total average magnetic moments, serious
theoretical study is required to make further conclusions on
this. A starting point has been done recently by derivation of
the valence stability of the electronic structures of rare-earth
metal clusters.*' In particular, Tm is interesting as a transition
from divalent to trivalent state has been predicted at about six
atoms size. This, however, still needs to be verified
experimentally.

Broadening of the Magnetic Deflection Profiles. What
is also directly visible in Figure 1 is the strong broadening of the
deflected profiles. The broadening was intensively discussed in
the past; see, for example, refs 30—32. Claims were made that
the intrinsic spin relaxation in clusters is not able to explain the
observed broadenings. In the model of Xu et al, where the
broadening was explained by the avoided crossings on a spin-
rotational Zeeman diagram, a relation has been derived
between the observed amount of broadening AM and the
cluster magnetic moment 4 as

14°B 1 1
M= _”_\/— =M\/7
3 kT \ vpos — 1 Vpos — 1 (2)

where vpog relates to the number of excited vibrational
modes.*"** Note that this formula is valid in the limit vpog >
1 only. Simply speaking, one would expect the decrease in the
broadening with temperature, due to an increase in the
population of vibrational states vpog.

We have analyzed the experimentally observed broadening
for a number of cluster sizes; the obtained result is shown in
Figure 6. Surprisingly, it is absolutely not what is expected: the
broadening initially increases with temperature, up to about 50
K. This is neither in agreement with the intrinsic spin
relaxation, where no broadening at all is expected, nor is it
accounted for by the avoided crossings model. A simple
explanation by the inhomogeneous magnetic field and/or its
gradient does not work either, as then the broadening would
monotonously increase with the magnetic moment of the
clusters, and the observed increase is not in line with this
picture.

One final possibility that could affect the amount of
broadening of the deflection profile is a change in the strength
of the interaction between crossed levels in the Zeeman
diagram; however, it is not clear how this would change with
cluster size. The problem thus stays open.
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Figure 6. Amount of broadening AM, normalized by the absolute
deflection amplitude M, observed on the deflection profiles for Tm
clusters of various selected sizes as a function of temperature.

B CONCLUSIONS

To summarize, in this work we have investigated the magnetic
moments of Pr and Tm clusters. For both of them, the average
magnetic moment per atom is significantly smaller than the
bulk value. This is undoubtedly related to the nonferromagnetic
configuration of the clusters. For Pr, this is most probably a
relatively collinear antiferromagnetic arrangement, which is
derived from a typical atom-by-atom oscillatory behavior of the
magnetic moment. In contrast, in Tm clusters essentially
noncollinear magnetism could be envisaged, this conclusion
being supported by the observed increase of the magnetization
with temperature.

The measurements of the electric polarizability and dipole
moment show a strong difference between the Pr and Tm
cluster: although the former are clearly “metallic”, the latter
show sizable electric dipole moments, which is a clear
fingerprint of the localized electrons. At this moment, it is
not clear how this affects the observed magnetic behavior.
However, this makes a good starting point for the electronic
structure calculations in the future.

On a separate note, the behavior of a magnetic cluster in a
combination of a magnetic field plus its gradient still needs to
be solved. Our measurements show that there is an unknown
parameter that determines the value of the broadening
Therefore, the behavior of a cluster in external fields remains
a challenge for future research.
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