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Abstract. Magnetic properties of isolated Dy n clusters are studied in a molecular beam performing Stern-
Gerlach experiments. The magnetizations p. of Dyny are measured in dependence of the magnetic field
strength B = 0-1.6 T and at nozzle temperatures T,, = 18 K and T, = 300 K. At room temperature the
magnetization augments linear with the field following a simple paramagnetic model. At 7,, = 18 K the
magnetization curves saturate at field strengths B > 0.8 T. To explain the magnetization process at low
temperatures two models are discussed: A model for adiabatic magnetization based on cluster rotation

effects and a modified van-Vleck model.

PACS. 39.10.4+j Atomic and molecular beam sources and techniques — 36.40.Cg Electronic and magnetic
properties of clusters — 75.50.Cc Other ferromagnetic metals and alloys

1 Introduction

Throughout the last years many studies have been per-
formed on the magnetic properties of small isolated d- and
f-metal clusters like Con [1], Niy [2] and Gdy [3]. Most
of the results were obtained by the use of Stern-Gerlach
deflection experiments [4] on isolated clusters in molecu-
lar beams. In all experiments deflections of the clusters
to the strong field side of the gradient field were observed
in contrast to the well known deflection patterns of atoms
and small molecules [5,6]. This effect was explained within
the frame of the classical Langevin model for superpara-
magnetic particles [7,8] using statistical mechanics. The
Langevin model can be applied, if the following condi-
tions are fulfilled: First, the heat bath provided by the
clusters’ vibrational degrees of freedom is large enough to
guarantee an isothermal magnetization process. Second,
the thermal energy is smaller than the coupling energy
between the magnetic moments of the atoms p; giving
rise to one large magnetic moment po = >, p;. If this is
not the case paramagnetic behaviour is expected instead
of superparamagnetic behaviour. Third, the coupling of
the magnetic moment pg of the cluster to the cluster lat-
tice is smaller than the thermal energy, i.e. the magnetic
moment is able to rotate freely. Since most of the exper-
iments have been performed on clusters with relatively
small anisotropy energies at nozzle temperatures which
were smaller than the Curie temperature, but high enough
to give rise to an isothermal heat bath, the application of
the Langevin model was possible. Assuming that the tem-
perature of the clusters T, is approximately equal to the
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nozzle temperature 7T, and using the fact that in most
cases the thermal energy kpT. was much larger than the
magnetic energy poB, the weak field approximation of the
Langevin model
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could be used to obtain information about the magnetic
moment of the cluster po. The results obtained for the
magnetic moments per atom pg/N of large Con [1], Fen
[9] and Niy [2] clusters with N > 2500 were consistent
with macroscopic magnetic properties of Fe, Co and Ni.
However, for cold clusters with large anisotropy energies
the Langevin model is likely to break down.

Bertsch et al. proposed an adiabatic model, which
can explain magnetization processes for clusters with-
out vibrational heat bath and high anisotropy energies,
using rotation effects [10]. In the strong field regime
(kgTr < pupB) with Tk being the rotational temperature
of the cluster, the expression
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was obtained, while in the weak field regime the equation
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holds. Bloomfield et al. studied rare earth cluster with
large anisotropy energies at moderate nozzle tempera-
tures between 73 K and 303 K. The authors find clus-
ters which seem to show deflection profiles consistent with
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the adiabatic model, while others follow the superpara-
magnetic Langevin behaviour [11]. This might indicate
that these studies were performed under conditions where
both isothermal magnetization and adiabatic magnetiza-
tion can take place. Recently saturation magnetization
curves of Dyy particles (N = 17-55) were measured at
very small nozzle temperatures T;, < 18 K, which could be
explained by applying the adiabatic model (Equation (2))
in the strong field regime kpTr < poB [12]. However,
the magnetizations measured in the weak field regime,
could not be explained very well by using Equation (3).
The rotational temperatures obtained were in the range
of 0.5-2 K, while the magnetic moments per atom /N
of the Dyy clusters were found to be in the range of
0.3-0.6 pup, which is much smaller than the bulk value
(py = 10.6p5). This was attributed to the modified spin-
spin coupling (RKKY interaction [13]) of the magnetic
moments of the atoms due to size effects leading to nearly
antiferromagnetic coupling even well below the Curie tem-
perature of 86 K.

In this paper we want to discuss an alternative model
to explain the shape of the saturation magnetization
curves of Dyy clusters and their reduced magnetic mo-
ments at low temperature. Then we analyse the magnetic
properties of these clusters at high temperatures.

2 Experimental

For the generation of Dy clusters we use a pulsed laser
evaporation cluster source incorporated in a Stern-Gerlach
molecular beam apparatus. The experimental setup is de-
scribed elsewhere [14]. The source has been modified to
produce clusters with very small temperatures. Now it
is possible to cool the nozzle down to temperatures of
T, = 13 K using liquid He. Additionally, the source
is constructed such that the dwell time of the clusters
in the cold nozzle channel should be sufficient to estab-
lish thermal equilibrium between clusters, He and nozzle.
Therefore it can be expected that the cluster temperature
before the adiabatic expansion equals the nozzle temper-
ature. A more detailed description of the expansion con-
ditions is given in [12]. After being collimated the cluster
beam passes the Stern-Gerlach magnet. The deflection is
detected size selectively by a time of flight mass spectrom-
eter in combination with an ionization laser beam. The
magnet and the detection unit are described in [14].

3 Results and discussion

Examples for the saturation magnetization curves of Dy y
clusters (N = 17—29) obtained at 7,, = 18 K and of
Dyn clusters (N = 10—19) generated T,, = 300 K are
displayed in Fig. 1 and in Fig. 2. For T,, = 300 K linear
dependence of the magnetization p, on the field can be
seen, while at T;, = 18 K saturation of the magnetization
is observed. As pointed out in [12] these magnetization
curves can be fitted in the strong field range using Equa-
tion (2), but the weak field range is not reproduced very
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Fig. 1. The magnetization curve of Dy is shown. The thin

line is the fitting function according to the adiabatic model by

Bertsch et al. in the strong field limit, the dotted line in the

weak field limit, while the thick line corresponds to the fitting
function according to the modified van-Vleck model.
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Fig. 2. Magnetization curve at T, = 300 K. The solid line rep-
resents the fitting function applying the paramagnetic model.

well (Fig. 1). The main result obtained by applying this
model was that the coupling between the f° total angular
momenta j; of the Dy cores in cold clusters is nearly an-
tiferromagnetic. In the present paper we want to present
an alternative approach to understand the shape of the
magnetization curves especially at weak fields which has
some similarity to the well known van-Vleck-Model [15].
We assume that the unperturbed ground state |0) of the
Dyn clusters exhibits a completely antiferromagnetic or-
dering, where the total angular momentum of the cluster
J(B =0)=>",7i = 0 vanishes with j; denoting the total
angular momenta of the Dy atoms in the cluster. However,
magnetization of the clusters is still possible, if an excited
electronic state |e¢) with the energy e and the magnetic
moment pe # 0 is incorporated in the model. Since the
unperturbed ground state is not magnetic, the transition
matrix elements (0|H|e) between |0) and |e) must vanish
for B =0, i.e. they are of the form (0|H|e) = b- B, with
b being a constant and neglecting higher order terms in
B. Then the perturbed ground state eg(B) for B # 0 is
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Fig. 3. In (a) the magnetic moments p. of Dyn are plotted

against N, in (b) the energy € and in (c) the coupling con-
stant b.

found by diagonalizing the Hamiltonian matrix

m=(,0% 0 s). @

The derivative of the new ground state energy eigenvalue
€o(B) with respect to the field B gives an expression for
the magnetization curve

deo(B)
2(B) =
pa(B) = — 5
1 1 p2B — pee + 4b°B
Sl Tt S 232 = )
2 2\/€2 —2u.Be+ p2B? + 40°B

This calculated magnetization curve yields a good descrip-
tion of the overall shape of the experimental curves, as
shown in Fig. 1. Fitting the experimental data measured
at T, = 18 K, we obtain u., b and €, as displayed in Fig. 3.

The magnetic moment per atom of the excited state
te/N = 0.3up in Dy clusters is smaller than the ground
state magnetic moment calculated from the adiabatic
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Fig. 4. Cluster temperatures T, obtained by applying the
paramagnetic model.

model (Equation (2)) with uo/N = 0.5up in average. In
the modified van Vleck model the magnetic moment of
the excited state becomes larger with the growing clus-
ter size, but the magnetic moment per atom u./N stays
rather constant. The same behaviour was observed using
the adiabatic model [12]. Further it must be mentioned
that b and € do not show any systematic dependence on
N in the size range investigated. The coupling constant b
ranges from 2up to 5up, while the energy level distance
between ground state and excited state corresponds to
€ ~ 0.3 meV = 3 K- kg. This indicates that the clus-
ter temperature lies well below 3 K, since at higher tem-
peratures the thermal population of the excited energy
level would destroy the bending shape of the magnetiza-
tion curve at weak fields.

Now we want to turn to the magnetic properties of
Dy clusters (N = 10—19) generated at nozzle tempera-
ture T),, = 300 K. Since the cluster size range observed at
T,, = 300 K is shifted to smaller N compared to the size
range of clusters generated at T;, = 18 K, there is unfor-
tunately no overlap in size. In Fig. 2 the magnetization
curve for Dyys is displayed. In contrast to the magnetiza-
tion curves measured for T,, = 18 K no saturation effects
were observed and the dependence of the magnetization
on the field seems to be purely linear. This is not very
surprising, taking into account bulk magnetic properties
of Dy. Since the nozzle temperature T,, = 300 K is well
above the Curie temperature, i.e. 86 K, and the Néel tem-
perature of Dy, i.e. 176 K, we expect that the magnetic
moments of the Dy atoms ppy = 10.6up in the cluster
are not coupled any longer. This means a paramagnetic
behaviour

= l//LDyB
He = 30T,

NMDy (6)

of the Dyy clusters at T,, = 300 K. Assuming that this
model is correct, we can calculate the cluster temperatures
T., which are displayed in Fig. 4. The obtained tempera-
tures scatter statistically around a mean temperature of
220 K. The fact that the mean cluster temperature is a bit
lower than the nozzle temperature can be explained very
well with the cooling of rotational and vibrational degrees
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of freedom [16] by the adiabatic expansion, taking place
behind the source nozzle. The absence of dependence of
T, on N in Fig. 4 is another important piece of infor-
mation. The difference between superparamagnetic and
paramagnetic behaviour becomes obvious by replacing
in Equation (1) by Nupy. Then the dependence of . or
T. on N is linear in the paramagnetic case and propor-
tional to N2 in the superparamagnetic case. Since we do
not observe any additional linear dependence of the de-
termined 7, on N, superparamagnetic behaviour of Dyx
clusters at T,, = 300 K can be ruled out. This confirms our
assumption that the magnetic moments p; in the cluster
are uncoupled.

4 Conclusion

We have shown that the magnetization curves of Dyy
clusters at low temperatures (7T, < 18 K) can be de-
scribed with a modified van-Vleck model, assuming a
non magnetic unperturbed ground state, while clusters
at T, =~ 220 K are easily understood assuming param-
agnetism.
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