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Experimental Observation of Superparamagnetism in Manganese Clusters
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A molecular beam of manganese clusters, Mnn �n � 11 99�, produced at 68 K is deflected toward
high field by a gradient field magnet. These results indicate that Mnn clusters in this size range are
superparamagnetic species whose intrinsic moments can be determined within the framework of the
Langevin model of paramagnetism. Local minima in per-atom magnetic moments are observed for
Mn13 and Mn19, suggestive of an icosahedral growth sequence for the smaller size range. For larger
clusters, broad oscillations in the per-atom moments are observed, with a minimum near Mn32 37 and a
maximum around Mn50 56.
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The search for magnetic behavior in nonferromagnetic
transition metals has often focused on the effects of
reduced dimension. Atomic clusters represent an impor-
tant class of reduced dimensionality systems and have
produced some unexpected results bearing on magnetic
ordering in small systems. For example, molecular beam
magnetic deflection experiments performed by Bloomfield
and co-workers showed that rhodium clusters �Rh9 60�
display nonzero magnetic moments [1,2] indicative of
ferromagnetic ordering, even though bulk rhodium is
nonmagnetic [3]. Surveys by the Virginia group aimed at
searching for other cases of “anomalous” magnetic order-
ing in clusters composed of nonferromagnetic transition
metals, specifically Vn, Run, and Pdn, failed to reveal
other such examples [2,4]. However, recently this group
has observed nonzero magnetic moments indicative of
ferromagnetic ordering in chromium clusters [5].

In this Letter, we present the results of magnetic deflec-
tion experiments that show that manganese clusters in the
size range Mn11 Mn99 display nonzero magnetic moments
indicative of ferromagnetic ordering of spins, despite the
fact that no known bulk phase of Mn displays such or-
dering [3]. These findings are in accord with recent theo-
retical studies predicting ferromagnetic ordering in small
manganese clusters [6,7]. ESR studies by Weltner and
co-workers have shown that matrix-isolated Mn2 is antifer-
romagnetically coupled, whereas Mn5 is a high-spin mole-
cule with S � 25

2 resulting from ferromagnetic coupling of
spins [8,9]. The magnetic behavior of a somewhat differ-
ent type of manganese clusters has attracted considerable
attention recently [10–13]. In particular, low tempera-
ture magnetization measurements of oriented crystals of
Mn12O12�CH3COO�16�H2O�4 (“Mn12 acetate”) produced
hysteresis loops having discrete steps [10]. In Mn12 acetate
molecules, four Mn41 ions �S �

3
2 � and eight Mn31 ions

�S � 2� couple to produce a ferrimagnetic high-spin mole-
cule with S � 10. The emergence of steps in the magneti-
zation curves is a result of resonant tunneling between spin
states, facilitated by the magnetocrystalline anisotropy of
the sample. The results reported in this Letter show that
0031-9007�01�86(23)�5255(3)$15.00
neutral, bare manganese clusters can also be considered
high-spin molecules.

The apparatus consists of a three-stage molecular beam
machine incorporating a gradient dipole (i.e., Stern-
Gerlach–type) magnet. Manganese clusters were pro-
duced within a continuous-flow laser vaporization source
coupled to a high aspect ratio flow tube (9 cm length 3

0.3 cm diam) held at 68 6 2 K [14]. The residence time
within the flow tube ��1 ms� was sufficient to ensure that
the clusters were equilibrated to the flow tube temperature
prior to expansion into vacuum. At the helium flow rates
used, the pressure within the flow tube was 10 6 1 Torr.
The clusters expanded into vacuum through a 1.0 mm
diam orifice at the end of the flow tube. Under these mild
expansion conditions, very little supersonic cooling of the
clusters’ vibronic degrees of freedom is expected [15], so
that the postexpansion cluster temperature is estimated
to be close (within �5 K) to that of the flow tube. The
expanding jet was skimmed into a molecular beam, which
passed through a Stern-Gerlach–type gradient magnet
[16] capable of producing B fields of up to �1.2 T and
gradients �≠B�≠z� up to �210 T m21 in the center of
the gap. The clusters were detected via position-sensitive
time-of-flight (PSTOF) mass spectrometry [17] 0.9 m
downbeam of the magnet, from which the spatial deflec-
tions of the clusters were determined. The magnetization
�Mz� of the clusters were calculated from the magnitude
of the deflection (as computed from the change in TOF
mass peak first moments), the molecular beam speed, B
and ≠B�≠z, and the apparatus dimensions as described
by others [18,19]. A full description of the experimental
apparatus and methods will be provided in a future
publication [20].

A magnified portion of the TOF spectrum, showing
traces recorded with the deflection field off vs on, is
shown in Fig. 1. The temporal width of the TOF peaks
in the field-off trace reflects the natural width of the
molecular beam ��2 mm� as measured by time domain
position-sensitive detection [17]. The shift of the Mnn

TOF peaks to later arrival times in the field-on trace
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FIG. 1. A magnified view of the manganese cluster time-of-
flight spectrum showing Mn18 Mn20. Solid trace: B, ≠B�≠z �
0; dashed trace: B � 0.97 T, ≠B�≠z � 192 T m21. Note the
small deflection for Mn19 compared to Mn18 and Mn20.

is a result of the deflection of the clusters toward high
field. This high field-seeking behavior has been also
observed in molecular beam studies of Fen [18,21,22],
Con [22–24], Nin [18,22,25,26], and Rhn [1,2], and
is consistent with superparamagnetism, whereby the
overall magnetic moment of the n atom cluster mcluster
is determined by the ferromagnetic coupling of spins.
For ideal ferromagnetic coupling, Scluster � nSatom and,
hence, mcluster � nmatom [27]. In the presence of a
magnetic field rapid, thermally induced fluctuations in the
direction of the cluster magnetic moment accompany spin
relaxation among the 2Scluster 1 1 magnetic sublevels,
reducing the magnetization �Mz� of the cluster ensemble.
At temperatures in which mclusterB ø kT , as is the
case in this and similar molecular beam experiments,
the Langevin theory of the temperature dependence
of paramagnetism predicts that magnetization �Mz�
varies quadratically with the cluster magnetic moment
(Curie’s law): �Mz� � m

2
clusterB�3kT � n2m2

atomB�3kT
[28]. This expression is appropriate for situations in which
the various anisotropy energies are negligible compared
to kT , and has been used to analyze magnetic deflection
measurements of transition metal clusters produced under
conditions where its validity applies [18,19,29].

The magnetic moments per atom, matom, determined for
Mn11 99 using the Curie’s law expression given above, are
plotted in Fig. 2. (Low signal intensities prevented mea-
surements on clusters smaller than Mn11). Distinct local
minima in matom are observed for Mn13 and Mn19. The ob-
servation of anomalously low matom values at n � 13 and
19 suggests an icosahedral growth sequence in this range,
with minima in matom occurring at the highly coordinated
“closed shell” species: the 13 atom icosahedron and the
19 atom double icosahedron. However, because there is
no structural information available from either experiment
or theory for Mn clusters in the size range studied here, the
suggestion of icosahedral structures is put forth only as a
tentative guess.
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FIG. 2. Experimentally determined magnetic moments per
atom, matom, of Mnn.

As shown in Fig. 2, the magnetic moments oscillate
with increasing size, with a minimum observed around
Mn32 37 and a local maximum at Mn47 56. For a continu-
ing icosahedral growth sequence and assuming, as above,
that closed shell icosahedra display anomalously low
matom values, we would expect a local minimum to appear
at Mn55. However, as shown in Fig. 2, Mn55 occurs near
a local maximum in matom. A small but distinct local
minimum is observed at Mn57. Beyond the indications of
possible icosahedral structures for clusters having fewer
than 20 atoms, there is no obvious structural/geometrical
interpretation for the observed oscillatory size dependence
in matom. This is in contrast to the observed size depen-
dence of nickel cluster magnetic moments, which exhibits
minima in matom at Ni13, near Ni55, and in the vicinity of
other icosahedral shell or subshell closings [26].

First-principles calculations of the structures and
magnetic properties of manganese clusters smaller than
those studied here have predicted ferromagnetic ordering
of atomic spins. Density functional theory (DFT) calcu-
lations performed by Nayak and Jena predict magnetic
moments of 5mb per atom for each cluster in the range
Mn2 Mn5, independent of the basis set or of the specific
functional used [6]. Calculations have been performed by
Pederson et al. for Mn2 Mn8 using similar DFT meth-
ods [7]. These calculations produced the same overall
geometries and magnetic moments as obtained by Nayak
and Jena for Mn2 Mn5 except for the magnetic moment
of Mn5, which was predicted to be 4.6mb per atom.
Note that the theoretical predictions of ferromagnetic
ordering in Mn2 are at odds with the ESR studies of
Weltner and co-workers, who determined this molecule
to be a low-spin, antiferromagnetically ordered species
[9]. The magnetic moments of Mn6, Mn7, and Mn8 were
calculated to be 4.33mb , 4.14mb , and 4.00mb per atom,
respectively [7]. The calculations predict that the smallest
Mn clusters are characterized by van der Waals-like
bonding, where the Mn atoms assume (to first order) a
3d5 4s2 configuration, corresponding to a 6S5�2 atomic



VOLUME 86, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 4 JUNE 2001
term and thus spin-only moments of 5mb per atom, as
found by detailed calculations. As cluster size increases,
the average bond lengths trend downward toward the bulk
�a Mn� value as minority-spin bonding states become
populated, accompanied by a decrease in matom.

Because the size range investigated in the present
study does not overlap that of the calculations, direct
comparison of theory and experiment is not possible. The
maximum matom value found in the present study was
�1.4mb (for Mn15), well below the values calculated for
the Mn2 Mn8. An upward trend in matom with decreasing
size is generally observed for those first-row transi-
tion metal clusters that display ferromagnetic ordering
[2,22,26], and it is possible that the smaller manganese
clusters may likewise display significantly higher matom
values. Efforts aimed at making these measurements are
currently underway.
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