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Abstract. Stern-Gerlach type magnetic deflection measurements were performed for two types of multiple
sandwich clusters: vanadium-benzene V,,(CsHg)n+1 and terbium-cyclooctatetraene Thy, (CsHs)n+1. Beams
of Vi,(CeHeg)nt1 clusters (n = 1—4) showed symmetric broadening induced by the inhomogeneous field,
indicating free spin behavior similar to that displayed by isolated paramagnetic atoms. By contrast, beams
of Th,,(CsHsg)n+1 clusters displayed one-sided deflection, indicating that fast spin relaxation occurs within
the clusters. The difference in the magnetic deflection behavior exhibited by these two systems is explained
by their electronic structures, specifically the bonding characteristics between metal atoms and ligand

molecules.

PACS. 36.40.Cg Electronic and magnetic properties of clusters

1 Introduction

Multi-nuclear organometallic sandwich clusters (or com-
plexes) are novel organometallic species whose one-dimen-
sional structures are determined by metal-ligand interac-
tions confined to a single molecular axis. Thus far, there
have been many examples of such complexes generated
in vacuo; their geometric and electronic structures have
been investigated using a variety of molecular beam-based
techniques [1]. Because these complexes contain transi-
tion metals or lanthanide metals as constituents, it may
be anticipated that they may be paramagnetic or even
magnetically ordered. Using molecular beam deflection
techniques, the size dependence of bare (unligated) metal
clusters’ magnetic moments have been measured in a se-
ries of studies during the 1990’s [2-6]. However for para-
magnetic organometallic complexes, there has been only
a single report of molecular beam deflection analysis of
magnetic properties, by Amirav and Navon [7]. The intrin-
sic microscopic magnetic properties of magnetic molecules
and clusters can be revealed by experiments conducted in
the gas phase (i.e., in the absence of a solvent or matrix).
The elucidation of the magnetic properties of gas-phase
organometallic clusters will thus be an important task
underlying the rational design of future novel magnetic
materials, for example single molecule magnets.

In this contribution, we present the results of Stern-
Gerlach molecular beam deflection studies of two differ-
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ent types of organometallic multi-decker sandwich clus-
ters: vanadium-benzene V,,(CgHg)pn41 and terbium-cyclo-
octatetraene Th,,(CgHs),+1. These systems were chosen
as prototypes for sandwich complexes containing tran-
sition metals (M) and lanthanide (Ln) metals, respec-
tively. The V,,(CsHg)n41 clusters are characterized by co-
valent bonding between vanadium 3d orbitals and benzene
LUMOs [8,9]. Their unique electronic structure has been
probed by photoionization efficiency measurements [8]. On
the other hand, bonding in Ln,, (CsHg),+1 sandwich clus-
ters has been found to be highly ionic in nature [10-12]
as a result of charge-transfer from Ln metal atoms to
CgHsg ligands. Although the multidecker sandwich clusters
have been anticipated to be highly anisotropic molecular
magnets, their magnetic properties have remained unchar-
acterized experimentally. For vanadium-benzene clusters,
the existence of unpaired electrons on the V atoms have
been predicted rise to give to their paramagnetism [9].
By contrast, for Ln-CgHg clusters, unpaired 4 f electrons
within the Ln ions determine the magnetic properties.
Since 4 f electrons are effectively shielded from interaction
with external ligand fields by the outer-lying 5s% and 5p®
electrons, magnetic properties of Ln containing clusters
are essentially ascribed to those of Ln free ions, Ln?* and
Ln®t. Therefore the size as determined by the number of
layers in a multi-decker sandwich cluster may account for
the overall magnetic moments. To our knowledge, there
have been no measurements of incremental magnetic mo-
ment for multi-decker sandwich complexes. There are a
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few reports on the magnetic susceptibilities of the ionic
sandwich lanthanide complexes: K*[Ln(CgHg)s]™ and
Ln(CgHg)2Cl-2THF [13]. These Ln complexes (Ln = Ce,
Pr, Nd, Sm and Tb), are all paramagnetic. In the present
work, we discuss the magnetic properties of organometal-
lic sandwich clusters as determined in the gas phase by
the Stern-Gerlach deflection method.

2 Experimental section

In the present study, terbium was selected from among
the various lanthanide metals due to its large magnetic
moment. Vanadium was selected from among the transi-
tion metals because an unpaired electron is left on each
V atom in a nonbonding d orbital. The magnetic moments
of V,,(CgHg)pn41 and Th,, (CsHg)n41 complexes were mea-
sured by molecular beam magnetic deflection — a varia-
tion on the classic Stern-Gerlach experiment used orig-
inally to determine the magnetic moments of atoms. In
this approach, species that can be produced only in small
amounts and/or that are highly reactive can be studied
without the perturbing influences of solvents, matrices
or self-reaction/polymerization. Furthermore, the use of
a position-sensitive time-of-flight mass spectrometer for
detection enables us to obtain deflection information for
clusters with various compositions and sizes (n,m) si-
multaneously. The experiments and analysis procedures
have been described in detail elsewhere [14]. Briefly, metal
atoms were produced by focusing the second harmonic
output of Nd*T:YAG laser (~30 mJ/pulse, 25 Hz) onto a
target rod within a fast flow cluster source. The atomic
vapor was carried by a continuous stream of helium into
a flow tube reactor, where ligand vapor (CgHg or CgHg)
was injected. The subsequent reaction of the metal atoms
and benzene form a variety of product species, the domi-
nant fraction of which consists of the full sandwich com-
plexes, M,,(C¢Hg)pn41 or Ln,(CgHg)n41. The mixture of
helium and organometallic complexes expanded into vac-
uum through a 1.5 mm diameter nozzle at the end of the
flow tube. The resulting supersonic free jet was collimated
into a molecular beam using a series of skimmers and ori-
fices. The collimated molecular beam passed into a high
vacuum chamber, where it passed through the gap of a
dipole gradient electromagnet capable of producing an in-
homogeneous magnetic field, with gradients 0B/9z up to
~210 T/m and B fields up to ~1.2 T. The complexes were
detected 0.9 m downstream of the deflection magnet using
laser photoionization time-of-flight (TOF) mass spectrom-
etry employing an ArF excimer laser as the photoioniza-
tion source. The TOF spectrometer was operated in the
position-sensitive mode [15], which maps the spatial dis-
tribution of the molecular beam along the z-axis (parallel
with the magnetic field) onto the time domain. Between
800—2000 spectra were averaged in a digital oscilloscope
with the magnetic field on, and then again with the field
off. The deflection of the molecular beam was determined
by quantitatively comparing the temporal profiles of the
mass peaks in the field-on TOF spectrum with those of
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the field-off spectrum. The relation between the deflec-
tion magnitude and a gradient field has been calibrated
by studying the Ho atom (6H15/2).

In Stern-Gerlach studies of atoms and clusters such
as those reported here, the z-component of magnetic mo-
ment p, of the species under investigation is given by

b= f mv: At )
- tarr LDNB (%)7

where the factor f is an instrumental constant, ¢, is the
arrival time of the target cluster, m is mass of the cluster,
V' is a cluster beam speed, D and L are the length of the
magnet and the distance from the final collimating slit to
the detector, At is the time difference from the TOF peak
center of the cluster, and (0B/0z) is magnetic gradient,
respectively.

The average position of deflected profile (computed as
the peak first moment), is the quantity measured in de-
termining net beam deflections. The beam shifts are de-
termined as the difference in first moments between the
zero-field beam profile and the profile recorded with the
field applied. For superparamagnetic clusters (i.e., those in
which intramolecular spin relaxation occurs on a timescale
faster than the flight time through the magnetic field) the
peak shift can be described by the Langevin model [16],
and it can be approximated by the Curie law under the
condition of uB < kT

(°B

(M) = I (2)

Here the time averaged effective magnetic moment (M)
is related to the true cluster moment p. Thus the mag-
netic moment p (in up units) can be obtained from the
deformation of (

2
_\/me LT

where Atgelay is the shift of the peak, B is the magnetic
field in T'. The last term indicates that Atgelay should
be in proportional to B(0B/Jz) in this model. Since the
magnitude of B is roughly proportional to that of (0B/Jz)
in the case of this set-up, the (0B/0z) dependence of the
peak delay Atgelay is quadratic.

Atdelay
9B
B%:
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3 Results and discussion
3.1 V,,(CeHeg)nr1 clusters

Figure 1 shows photoionization mass spectra of vanadium-
benzene clusters generated at source temperatures of 151
and 63 K. Labeled peaks corresponding to “complete”
sandwich V,,(C¢Hg)nt1 = (n,n + 1) complexes appear
prominently. Small quantities of incomplete sandwich
clusters (e.g. “half” sandwich clusters containing an un-
capped metal atom, or clusters which contain excess ben-
zene molecules) are also produced. Under colder source
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Fig. 1. Mass spectra of vanadium-benzene clusters:
Vi (CsHg)n+1 at (a) T = 151 and (b) 63 K.
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Fig. 2. Broadening of TOF peak of (a) V(Ce¢Hs)2 and (b)
V2(CsHg)s by the magnetic field gradient (77 = 154 K,
0B/0z = 192 Tm™"). The dotted lines indicate the beamlets
which have the same shape of undeflected peak. The separa-
tion between adjacent beamlets, At, was obtained from curve
fitting.

conditions (T' = 63 K), larger incomplete sandwich clus-
ters such as (n,n), (n,n+2), and (n, n+3) become promi-
nent, as shown in Figure 1b.

Figure 2 shows a detailed view of the position sen-
sitive time-of-flight (PS-TOF) mass peaks corresponding
to V(CgHg)2 and V3(CgHg)s recorded with and without
the magnetic field applied. The effect of the inhomoge-
neous magnetic field is to symmetrically broaden the spa-
tial distribution of the V,(CgHg)nt+1 complexes in the
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+z-direction. This behavior is qualitatively the same as
would be observed for a beam of paramagnetic atoms
such as silver or potassium [2]. Unlike the historical Stern-
Gerlach experiment, however, the individual Zeeman com-
ponents are not fully resolved due to the combined ef-
fects of finite molecular beam width, instrumental resolu-
tion limitations and spin-rotation interactions [17]. For the
V.. (C6Hg)n+1 complexes, spatial broadening of the molec-
ular beam is caused by the Zeeman splitting of the beam
into 25 + 1 equally-spaced beamlets [18]. In the case of
V(CgHg)2, the ground electronic state is ?A14 so that the
number of the beamlets is taken to be 25 +1 =2 [19]. In
the beamlet model, broadened peak profile is expressed by
a superposition of zero-field profiles. From the separation
of beamlets as depicted in Figure 2a, the z-component
of the magnetic moment, p., for V(CgHg)2 is found to be
0.7£0.1up at source temperature of 154 K. The same pro-
cedure, applied to V(CgHg)a generated at 296 and 56 K
yields magnetic moments of 0.7 £ 0.2 and 0.5 £+ 0.1ug,
respectively.

Figure 2b shows the PS-TOF profiles of V(CgHg)s
recorded with the field gradient on and off. The plausible
spin states for Va(CgHg)s are singlet or triplet, corre-
sponding to anti-parallel or parallel electron spin in d or-
bitals, respectively. The curve fitting analysis clearly re-
veals broadening of the beam, indicating that V(CgHg)s
is not a singlet molecule. The observed broadening is
well represented by the sum of three zero-field beamlets,
equally spaced. From deflection of the outmost beam-
let, the magnetic moment of Vo(CgHg)s was determined
as 1.2703up at 154 K. In a similar fashion, the mag-

netic moment of Vo(CgHg)s was determined as 1-2t8§#B
at T = 296 K, and that of V5(CegHg)s was determined
as 1.5702up and 1.979%up at T = 154 and 296 K,
respectively.

On the other hand, magnetic moments determined for
V. (CeHg)nt1 clusters at T = 56 K were 0.5 £ 0.1ug,
1.0 £ 0.4up, and O.9f8:‘51u3, for n = 2, 3, and 4, re-
spectively, considerably lower than the values obtained at
higher temperatures. These reduced magnetic moments
value and the suppression of size-dependence of the mo-
ments implies that the fragmentation involving loss of ben-
zene occurs as a result of photoionization: V,,(C¢Hg)n+14p
— V,,(C¢Hg)nt1 + p CsHg. As previously mentioned,
benzene-rich clusters (m > n + 1 for V,,(CsHg),) were
observed to be abundant at the colder source temper-
atures. This observation tells us that thermally unsta-
ble species (e.g. non-sandwich shaped clusters or com-
plete (n,n + 1) sandwich clusters containing additional,
weakly adsorbed benzene) can survive in the cluster beam
at colder conditions. Considering that the photofragmen-
tation from non-sandwich clusters presumably results in
the contamination in the PS-TOF signal measured for
complete sandwich ions, the apparent magnetic moment
could be smaller than the actual moments by as much as
0.5up for V,,(CgHg)n41 clusters produced at colder tem-
peratures. The similar problem, namely fragmentation of
molecular clusters, has been discussed by Gedanken et al.
in the deflection measurement of Oz, VCly and OCIO [20].
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Fig. 3. Magnetic moments for V,,(C¢Hg)nt1 clusters (n =
1-3) at T' = 56, 154, and 296 K: solid square for (1, 2), solid
circle for (2, 3), and solid triangle for (3, 4).

Temperature dependence of the magnetic moments
measured for V,(CgHg)nt1 clusters are summarized in
Figure 3. Except for T = 56 K, each magnetic mo-
ment determined for V,(CgHg)nt+1 (n = 1—3) remains
unchanged (within experimental uncertainties) between
T = 154 and 296 K. This result shows that the eval-
uation of magnetic moments for the V,,(C¢Hg)n 41 clus-
ters is free from the effects of photofragmentation of the
non-sandwich clusters generated at or above T' = 154 K.
Furthermore, the increase of magnetic moments with size
indicates that the spins of the non-bonding d electrons
on the V metal centers align ferromagnetically, giving
rise to monotonically-increasing magnetic moments. The
mechanism of this ferromagnetic interaction among un-
paired spins is qualitatively explained by a spin polar-
ization on the intervened sandwich’s LUMO. Recent the-
oretical (density functional theory) calculations put this
qualitative picture on a quantitative footing, demonstrat-
ing that electron-spin multiplicities in the ground state
are 2, 3 and 4 for V,,(C¢Hg)n41 (n = 1—3) [21]. It should
be noted that observed magnetic moment corresponds to
the outmost beamlet with Mg, smaller than the ex-
pected spin-only value of nup. This discrepancy is at-
tributed to the effects of spin-rotation interactions [22].

3.2 Tb,(CgHg)n+1 clusters

The photoionization mass spectra for terbium-cycloocta-
tetraene clusters also exhibit prominent peaks correspond-
ing to (n,n + 1) stoichiometries that are characteristic
of full multi-decker sandwich structures. Figure 4a shows
the deflection profile of Ths(CgHg)s recorded with and
without magnetic fields. As shown in the spectrum, the
entire peak shifts to toward high field by the magnetic
field gradient along with peak broadening. This behav-
ior is qualitatively the same as has been observed for
beams of ferromagnetic metal clusters (e.g., Ni,, Cop,
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Fig. 4. Single-sided magnetic deflection of TOF peak
profile of Thb3(CsHsg)s at T = 146 K with a field ON
(0B/8z =216 Tm™ !, B = 1.23 T) and OFF. Small plot (b) in-
dicates the nonlinear relation between peak delay Afgelay and
magnetic field gradient dB/0z. Plot (c) is a rescaled version of
peak delay Atgelay vs. product of B(0B/0z) for Ths(CsHsg)s.

Fe,, and Gd,,) [3-6] and is consistent with intramolecu-
lar spin relaxation occurring during the passage of the
complexes through magnet. That intramolecular spin re-
laxation occurs for Tb,(CgHg)p41 clusters (and not for
V..(C6Hg)n+1, which by contrast displays free-spin behav-
ior, vide supra) can be attributed to the larger density of
rovibronic states p predicted for these systems. In partic-
ular intramolecular spin relaxation can occur in isolated
species only when the average spacing between rovibronic
levels given by p~! is less than spacing between Zeeman
levels [22]. The electronic structure of V,,(CgHg)pn41 clus-
ters is comparatively simple owing to the non-bonding
character of d, orbitals which accommodate unpaired
spin. The density of states is sparse since there are no low-
lying states which can be crossed in the magnetic field. In
contrast, the density of states of Tb,,(CgHg),+1 clusters
is dense due to existence of low-lying electronic states and
mixing of these states in the presence of magnetic field.
It is reasonable to expect that it is this large density of
states that makes spin relaxation facile in Tb,,(CsHg)n+1
clusters.

Figure 4c clearly shows a linear dependence of
B(0B/Jz) against the spatial shift of the Th3(CgHg)s
peak. This relationship is just the same as observed for
ferromagnetic clusters of such as Fe,, [3—6]. Using equa-
tion (3), the intrinsic cluster moment for Th(CgHs)s was
determined to be 14 £ 1 up at T' = 146 K. This value is
larger than the magnetic moment of a free Th3* ion (4f%;
9.7 ,uB).

Figure 5 shows the size dependence of magnetic mo-
ments for the Th,,(CgHg),+1 sandwich clusters (n = 1-5).
A monotonic increase of the magnetic moment with the
size up to n = 3 is observed. For the Ths(CgHg)s sand-
wich cluster, a net magnetic moment can be roughly
agreement with that estimated from \/Q,uTb(chg)z [23]
implying that Tb,(CsHg)n+1 (n = 1—2) are paramag-
netic. It has been reported by Ishii et al. [24] that mag-
netic exchange interactions occur between Ln-Ln ions in
a Ln-phthalocyanine triple-decker complex for Ln = Tb
and holmium (Ho). However, the temperature range in
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Fig. 5. Magnetic moments (u) for Tby,(CsHs)nt1 (n = 1-5)
clusters at T' = 146 K.

which they found antiferro-magnetic behavior is well be-
low T'= 50 K, and the deviation from the paramagnetic
value is less than ~10%. Since the temperature in this
work was around 7" = 150 K, it seems reasonable to assume
that the Th3* ions making up these complexes are not
magnetically coupled, such that the magnetic moments
for the Th,,(CgHg),+1 sandwich (n = 1—2) do not exhibit
significant deviation from simple paramagnetic behavior
within experimental uncertainties.

As shown in Figure 5, the overall magnetic moment
for Tb,,(CgHg)y+1 drops slightly at n = 4, rather than
increasing further. For clusters larger than Ths(CgHg)y,
the increase in magnetic moment with each subsequent
Tb atom becomes smaller than observed for the smaller
clusters. This non-additivity affect is ascribed to the par-
ticular oxidation states of Th atoms making up the clus-
ters. As reported previously [11], for longer sandwich
clusters (n > 2), some of Tb atoms take on 42 oxi-
dation states in addition to +3 states since the CgHg
ligand can accommodate two electrons: for Ths(CgHg)q,
the oxidation states of the constituents can be formally
expressed as (CgHg)?~ Th3* (CgHg)?~ Th*+ (CgHg)?~
Th3+ (CgHg)?~. Similarly, for the case of Thy(CgHg)s
cluster, two Th?* ions exist in the middle of the cluster,
with the outermost Tb ions existing in +3 state. Since the
magnetic moment for Th?T (4% 9.47 pup) is almost the
same as that of Th3T (9.7 ugp), lower magnetic moments
for Thy(CsHg)s cluster implies that interaction between
the two central Th?* ions is antiferromagnetically cou-
pled, with the Th?* ions remaining uncoupled (paramag-
netic). The increase of magnetic moment from n = 4 to
n = 5 can be explained by the excess Th?* ion which can-
not be coupled. Therefore continued zigzag oscillation of
magnetic moments is expected to Ln,,(CsHg),11 clusters
(n > 3).

In fact, similar even-odd alternation of the magnetic
moments has been observed also for Ho, (CsHg)nt1 (n =
3—7) at T = 54 K. The same trend can be also found
in other measurements for Ho, (CsHg),4+1 (n = 3—5) at
T =152 K, Gd,,(CgHg)n4+1 (n = 3-5) at T = 60 K and
Tb,(CsHg)nt1 (n = 3—5) at T = 61 K [25]. Although

mechanism for this even-odd alternation phenomenon re-
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mains to be examined in detail theoretically, we surmise
that it is due to antiferromagnetic spin-spin interaction
between adjacent Ln?* ions within the Ln-CgHg sandwich
cluster.

In summary, the magnetic deflections of multi-decker
vanadium-benzene and terbium-cyclooctatetraene organo-
metallic clusters have been measured by a Stern-Gerlach
molecular beam deflection experiment. The beams of
V.. (C6Hg)n+1 clusters were symmetrically broadened by
a magnetic gradient, and monotonic increase of the mag-
netic moments of V,,(C¢Hg)pn41 clusters up to n = 4 was
found. On the other hand, Th, (CsHs),+1 sandwich spe-
cies displayed one-side deflection which indicates the oc-
currence of fast intramolecular spin relaxation. The evo-
lution of the magnetic moment with the size can be
explained solely by the number of Th3T ions, suggesting
antiferromagnetic interaction of two adjacent Tbh?* ions
toward the center of the complex. Pinning by soft-landing
of size-selected clusters onto nano-scale designed surfaces
is an emerging approach [26] that is expected to open
exciting new possibilities for exploiting these species as
nano-sized magnetic building blocks in applications such
as recording media or spintronic devices.

This work was performed under the auspices of the Office of
Science, Division of Chemical Science, US-DOE under contract
number W-31-109-ENG-38. This work is partly supported by
the 21st Century COE program “KEIO Life Conjugate Chem-
istry” (KEIO-LCC) from the Ministry of Education, Culture,
Sports, Science, and Technology, Japan.
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