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Multilayer lanthanide-cyclooctatetraene organometallic clusters,(OgHg)m (Ln = Eu, Th, Ho, Tm;n =
1-7;m=n-—1,n,n+ 1) were produced by a laser vaporization synthesis method. The magnetic deflections
of these organometallic sandwich clusters were measured by a molecular beam magnetic deflection technique.
Most of the sandwich species displayed one-sided deflection, while some of smali€gtisclusters showed
symmetric broadening without or with only very small (or absent) net high-field deflection. In general, the
total magnetic moments, calculated from the magnitude of the beams deflections, increase with the number
of lanthanide atoms (i.e., with increasing sandwich layers); however fer, Ho—, and Tm-CgHg clusters

with n > 3, the suppression of the magnetic moments was observed, possibly through antiferromagnetic
interactions. For EtCgHg clusters, we observe a linear increase of the magnetic moments with the number

of Eu atoms up te = 7, with average magnetic moment per Eu atom aroung-7similar to that displayed
by conventionally synthesized mononucleat' EgHg complexes, indicating that Eu atoms exist ag'Hans
in the full sandwich E§(CgHsg)n+1 Clusters. These results suggest that(EgHs)n+1 is a promising candidate
for a high-spin, one-dimensional building block in organometallic magnetic materials.

1. Introduction electrons in each Ln atom governs the magnetic properties of
) . . ) . Ln-containing complexes, including ErCgHg clusters. There-
Controlling the dimensionality of atomic and molecular fge it is expected that the magnetic moments of the-CgHs

clusters represents an important strategy in the design of o, sters should be closely related to the number of Ln ions in
advanced nanoscale materials. Use of the bonding characteristicg,e cluster as well as the charge state of those Ln ions.

between metal atoms and organic ligand molecules provides a |, our previous reports on the ErCgHs clusters (Ln= Eu
chemical designer methodology to control dimensionality inthe 54 Ho) "charge distributions within the clusters were probed
fqrmatlgn of organometalllc clusters. In pa}rtlcularj ONe- 1y anion photoelectron spectroscopy and by a Na atom doping
dimensional (1-D) multinuclear complexes are interesting Spe- a6 Since clusters (including neutral and positively or
cies dueto_ their anisotropic glectronlc and_m_agnetlc pmpert'es'negatively charged clusters) are produced in vacuo, the net
as determined by the bonding characteristics between metalh,rqe on an entire cluster must be balanced within the cluster
atoms and ligand molecules. Thus far, there have been manyg, an if charge transfer occurs between Ln atoms agidsC
organometallic complexes generated in vacuo, and their geo-qjecyles. Except for Eu and Yb, the number of Na atoms
metric and electronic structures have been investigated in detail ycarved to attach onto the £€sHg clusters indicates that
using molecular beam techniques. . some of Ln atoms take oft2 oxidation states instead &3

Multidecker sandwich clusters composed of lanthanide metal states in sizes larger than (3, 4), because ti¢s@gand can
atoms (Ln) and 1,3,5,7-cyclo-octatetraengHg) are concrete  accommodate up to two electrons. On the other hand, for Eu
examples of 1-D organometallic building blocks that can be and Yb, all of Eu or Yb ions in the neutral cluster exist-62
generated by the laser vaporization method and fast flow reactorstates, while the s~ molecules are either doubly charged
in gas phase. The bonding in ti€gHs clusters has been  (CgHg2") if they are in the “interior” of the molecule or singly

theoretically elucidated to be highly ionic in natdren charged (@Hsg") if they are in terminal positions. Photoelectron
particular, charge transfer from the Ln metal to theigligand ~ spectroscopic study for L-RCgHs cluster anions also supports

is the driving force to form the multidecker sandwiches, in which these charge distributiofss.

the metal ions and ligands are stacked altern&dlijus far, On the basis of the quantitative understanding of the charge

many sandwich-type complexes have been synthesized, but veryjstributions of Ln-CgHs clusters, definitive knowledge of their
few oligomers of 1-D sandwiches have been reported. Although gjectron spin states is a very intriguing prospect from the
not a Ln—-CgHg complex, Ishikawa et al. have studied the triple-  iewpoint of magnetism: lanthanide organometallic systems are
decker sandwich complex of Erphthalocyaninec), LnoPcs, promising precursors for the assembly of novel magnetic
and found different magnetic interaction patterns using various materials in which the presence of 4f electron spins plays an
combination of Ln metalé.It is generally accepted that the 4f important role in determining overall magnetic behavior.
However, thus far there have been reports of the magnetic
* To whom correspondence should be addressed. E-mail: nakajima@ moments of only a few classes of sandwich lanthanide com-

Ch?“}gékigi%ﬁﬁ;g’r'sit plexes, among them{L.n(CgHg),]~ and [Ln(GHg).Cl-2THF]’
* Argonne Natioﬁm Laboratory. It was found that these Ln complexes (EnCe, Pr, Nd, Sm,
8 CREST. and Tb) are all paramagnetic. In addition, Evans et al. have
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Figure 1. TOF mass spectra of photoionized lantharidgclooctatetraene clusters by ArF laser: (a)(®eHs)m at T = 296 K and (b-e) Ln,-
(CgHg)m (LN = Eu, Th, Ho, and Tm) al = 100 K. Each peak of Li{CsHs)m is labeled with the notation of( m). In (f) and (g), bubble plots of
cluster abundance are shown for the combination of the numbers of Ln atomss Hunand Ho) and €Hs molecules afl = 100 K. Diameters of
bubbles are scaled by the corresponding cluster abundance. Dashed lines indicate the series of full, half, and inversed sandwich clusters.

synthesized the Bu-CgHg complexes [(THRK(u-CsHg)]2Eu In this study, Eu, Th, Ho, and Tm were selected from among
and [(Cp*)(THF}EuL(u-CgHg) and measured their magnetic the lanthanides for the production and study of,(QaHs)m
susceptibilities, from which magnetic momentsf = 7.6 complexes, a choice partly dictated by tractability of time-of-

us anduerr = 8.2 ug respectively, were determinéd. flight (TOF) mass spectra of polynuclear complexes containing
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Figure 2. Magnified PSTOF spectra for H@sHs)4 cluster at various

Miyajima et al.

TABLE 1: Classification by Observed Magnetic Deflection
Style for Lnp(CgHg)m (N, M) Clusters at T = 56 and 80 K

symmetric

broadening intermediate one-sided shift
Eu (1,121 (1.2) 2.2).(2.3), 3.2).3.3),
T (1L, LD 1,2" 2022 (1,323,064
Ho (1. 1) (L2, 1.02.2)  (2.3).(3.3).3.4), ...
Tm (LD (L2002 1.(2,2,(2.3) (3,2), (3.4, ...

In this approach, it is advantageous that species that can be
produced only in small amounts and/or that are highly reactive
can be also studied without the perturbing influences of solvents
or matrices. Furthermore the combination of a position-sensitive
mass spectrometer with a molecular beam deflection apparatus
enables us to measure the deflections of each cluster with various
compositions at the same time. This method has been used to
measure the magnetic moments or electric dipole moments of
various metal clusters containing between a few to a few
hundred atom&:17 We have already reported preliminary results
of the Stern-Gerlach experiment of T, Ho—, and Gd-
CgHg.1819 Since magnetism is sensitive to internal temperature
of the clusters as well as electronic/geometric structures, it is
crucial to evaluate the magnetic moments in well-defined
temperature conditions as a function of cluster size and
compositions. In this paper, we will present a full account of
the size and temperature dependence of magnetic deflection of
the Ln(CgHsg)n+1 Clusters and discuss their magnetic properties
as well as their charge distributions.

2. Experimental Section

The experimental setup has been described in detail else-
wherel820 Briefly, lanthanide metal atoms were produced by
focusing the second harmonic output of the3NYAG laser
(~30 mJ/pulse, 25 Hz) onto a target rod housed within a fast
flow cluster source. The atomic vapor was carried by a
continuous stream of helium into a flow tube reactor, where
CgHg vapor was injected. The subsequent reaction of metal
atoms and gHg form a variety of Lp(CgHs)m product species,
the dominant fraction of which consisted of the full sandwich
clusters LR(CgHg)n+1. The mixture of helium and organometallic
clusters expanded into vacuum through a 1.5 mm diameter
nozzle at the end of the flow tube. Thet ms residence time
of the clusters within the flow reactor was sufficient to ensure
that the clusters were thermally equilibrated to the flow tube
temperature (variable between-5800 K) prior to expansiof?

The resulting supersonic free jet was collimated into a

temperatures of 57, 80, 100, 149, and 300 K: blue and red tracesmolecular beam using a series of skimmers and orifices. The
correspond to those in the magnetic field 8B{)z = B = 0) and ¢B/ collimated molecular beam passed into a high vacuum chamber
dz =212 T, B = 1.23 T). First moment of the peaks are marked anq through the gap of a dipole gradient electromagnet capable
goeigsllcate the temperature dependence of the magnitude of one-S|dedof producing an inhomogeneous magnetic field, with gradients
9B/9z up to 210 T/m. The clusters were detected 0.9 m
downstream of the deflection magnet using laser photoionization

these metals: Eu has only two naturally occurring isotopes and TOF mass spectrometry by an ArF excimer laser. The TOF
the others only one. The presence of one (or at most two) SPectrometer was operated in the position-sensitive rfode,
isotopes in the metal component yields relatively narroy-Ln  Which maps the spatial distribution of the molecular beam along
(CgHg)m TOF mass peaks and thus simplifies the evaluation of the z-axis (parallel with the magnetic field) onto the time
the magnetic properties, which is based on field-induced massdomain. Typically, 2000 (306500 for atoms) spectra were
peak broadening. The magnetic moments of thg(CgHg)n+1 averaged in a digital oscilloscope at various magnetic field
clusters were measured by a molecular beam magneticstrengths. Mass spectra were recorded in an alternating field-
deflection—variation on the classic SteriGerlach experiment  on/field-off sequence so as to minimize the unwanted effects
used originally to determine the magnetic moments of atoms. of long-term drift in source or beam conditions on the mass
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peak arrival times during the course of the measurements. TheTABLE 2: Magnetic Moments gion/tsonr for Ln 2*/Ln3* lons
deflection of the molecular beam was determined by quantita- in LhH > and LnF; (ref 38)

tively comparing the temporal profiles of the mass peaks in the Ln2* Ln3*

field-on TOF spectrum with those of the field-off spectrum. The Eu 70 3.40
gradient field has been calibrated by studying the Ho atom Tb 9.8 9.47
(®H1s19) in each temperature rang€ € 56, 80, 100, 149, and Ho 9.9 10.47
304 K). Tm 7.6 7.35

In Stern—-Gerlach studies of atoms and clusters, the
component of magnetic moment, of the species under
investigation is given by

to evaluate the clusters’ intrinsic magnetic moments for-Ln
CgHs clusters. For the cases analogous to;lsind Mry clusters,
which exhibit symmetric broadening without net deflection,

f mVZ At magnetic moments are determined by comparing the convolution
Mz =1 mﬁ (1) of the zero-field profile with actual broadened profifdn the
ar B (5) other cases, the first moment of a deflection profile was used
to extract the intrinsic magnetic moment. In the weak magnetic
where the factof is an instrumental constart is the arrival field as used in this study, the effective magnetic moment of
time of the corresponding clustamis the cluster masg/ is a the cluster, namely, the magnetization of the adiabatic ensemble

beam speeé D andL are the length of the magnet and the average, is expressed by
distance from the final collimating slit to the detectat,is the
time difference (field-on versus field-off) of the TOF peak M _g@ 3
arrival time, and ¢B/dz) is the magnetic field gradient, A = 9kgT )
respectively-8
Several types of SterraGerlach profiles have been observed Here the parametel is the rotational temperature of the
for clusters: (a) a space-quantized profile (similar to atoths); cluster?6-2? The temperature dependencelldy is similar to
(b) a high-field-seeking beam deflection behavior as result of that to that predicted by the classical Langevin model in the
superparamagnetibehavior?* (c) a locked moment behavié?; high-temperature limit (i.e., the Curie Law), but is systematically
and (d) a weak interatomic exchange coupfihdn the cases smaller by a factor of/s. In this case, the magnetic moment
of (a) and (d), symmetric broadening without net any deflection (in units of ug) can be obtained from the deformation of eq 1
in the =z direction is observed experimentally. In the case of as follows
(b), which is observed in FKe Co, and Nj clusters, a net
uniform deflection toward high field (thetz direction) is At:tinggi 0B\ > 4)
observed? In the case of (c), asymmetric broadening is f m29ksT (az)ﬂ
observed due to high magnetic anisotropy as reported in Gd
cluster? Both the cases (b) and (c) can be considered as the Since the magnitude @& is roughly proportional to that obB/
extremes of case (d) in weak- and strong-coupling limits, dz) in the case of our setup, theB/0z) dependence of the peak
respectively?® delay At becomes quadratic towar and current passing
For cluster beams deflected by magnetic fields, the magnitudethrough the electromagn&With the relationshipa, [ Jmin
of the deflections are quantitatively determined as the difference mind, eq 4 can be deformed into
in first moments between the zero-field beam profile and the
profile recorded with the field applied. In the case of high-field- B(@)
seeking beam deflection behavior, a magnetization process of _2f 0z 2
rapid transition among Zeeman levels occurs on a time scale T 9/ 21 ©)
. Vm T(V(T)
faster than the time of passage through the matfifedr those
so-calledsuperparamagneticlusters, the peak shift can be wheref’ is an instrumental constant.

approximated by the Langevin modéhkvhich can be simplified Traditionally, magnetic deflection of clusters is summarized
to the Curie law under conditions in whigiB < kgT as a magnetization curve (see Figure 1S of Supporting Informa-
5 tion). However, the effective magnetic moment is not the directly
_uB observed value and inexpediently diverges at near-zero magnetic

field. To plot deflection data taken at different temperatures
together, in one chart, new parameBésB/az)/[ T(V(T))?, which

Here the time-averaged effective magnetic moni®hfds (JT 1
g o ke (IT ) involves (nozzle) temperatufe and beam velocitw/(T), was

is related to the intrinsic cluster momentThe factor'/s in eq X S o ) /
2 comes from the limit value of the Brillouin functidB(x) at introduced recently? Since the experimental uncertainty At
x < 1. Most experimental reports have been employed by eq 2 is independent of the other experimental \_/ar|ables, one can
to extract the giant cluster magnetic moment from the observed evalua.Ie the magmtude and the uncertainty of the beam
deflection profile. deflection for different temperatures in the same plot.
However, in certain cases, the Langevin model is inappropri-
ate?’ Bertsch et al. proposed an adiabatic rotor model to describe
the magnetic behavior of clusters having high anisotropy 3.1. Mass Spectra of Lr-CgHg Clusters. Parts a-e of
energieg® Hamamoto et al. extensively summarized the mag- Figure 1 shows the photoionization mass spectra for CgHg
netic properties of rotating ferromagnetic clusters with various clusters (Ln= Eu, Th, Ho, and Tm) recorded with the cluster
strength of coupling, magnetic field, and temperafferhis source temperatures maintained at 100 K, together with mass
model explains the symmetric magnetic deflection ofsMving spectrum for Et-CgHg at 296 K. The relative abundances of
at68+ 2 Kand Y5, Yg, and La clusters at 58t 2 K, in which Lnn(CgHg)m clusters, denotedh( m) for short, measured for Eu
the clusters’ magnetic moments interact strongly with their and Ho atT = 100 K are represented graphically as bubble
frameworks2%-28|n this work, we use this adiabatic rotor model plots in parts f and g of Figure 1. For all cases, the peaks,of (

3. Results and Discussion
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Figure 3. TOF peak profiles with different magnetic field: (a) symmetric broadening of TOF peak profile for Eu atom TOF peak profite at
100 K andaB/az = 0, 22, 44, 66, and 88 Tm and deflection magnitude extracted via the beamlet model (see text)) édiabatic rotor behavior
of (1, 1) of Eu— and Ho-CgHs and (2, 1) of Eu-CgHs. Blue and orange solid lines are smoothed TOF profilegBatz = 0 and 160 Tm?,
respectively. Dotted lines are the simulated profile via convolution of distribution function and zero-field profile. An example of distrilmaiom f
(znax = 80) for adiabatic rotor model is shown in the inset of (c). Ir-¢(), the horizontal axis is shown by the relative TOF in nanoseconds.

n + 1), which correspond to full sandwich clusters, appear ferromagnetic metal clusters (NiCa,, F&, and Ggl).>~1” Since
prominently in mass spectra at all source temperatures employedhe deflection magnitude is proportional tal'V# in our setup,

in this study. These species adopt the multidecker sandwichthe magnitude of peak shift becomes smaller with increasing
structure, in which the metal atom and ligand are piled up temperature, as indicated in Figure 2. Furthermore, at the room
alternately on each other. In the case of-#lgHg, three temperature, production efficiency of sandwich clusters was
compositionsrg, n+ 1), (n, n), and f, n — 1), which correspond  significantly lower than the colder conditions so that the S/N
to full, half, and inverse sandwich clusters, are abundant at low ratio generally became worse with increasihg
temperaturesT{= 60, 80, 100, and 150 K), while only the full For some ofsmall sandwich Ln-CgHg clusters in a low
sandwich clusters are prominent at room temperature. Thistemperature, a beam deflection behavior different from the one-
tendency reflects the high production efficiency of longEu  sided deflection described above was observed; some clusters
CgHg wires at lower temperatufeNote that since our TOF mass  exhibit symmetric broadening without any noticeable net
spectrometer is of the orthogonal type, the faster beam speedsleflection of the peak in the-z direction. Those clusters that

at higher source temperatures results in the narrower range ofexhibit this field-induced beam broadening behavior are listed
mass that can be recorded at a single voltage deflector settingin the left column in Table 2. In Figure 3, representatives of

Therefore, to cover all the species in the range (1;(2) 8), peak profiles are indicated for the Eu atom and for selected
three sets of measurements with different deflector voltages areEu— and Ho-CgHg clusters. As shown in parts b and d of Figure
needed at room temperature. 3, the (1, 1) and (2, 1) members of the-HDgHg system display
3.2. Magnetic Deflection Spectra of Lr-CgHg Clusters. symmetric broadening without any and with relatively small
Figure 2 shows the magnetic deflection behavior of(8gHs)4 net deflection al = 57 and 81 K, respectively, consistent with

at various temperatures. As shown in the spectrum, the entireso-called “locked moment” behavior. Symmetric broadening was
TOF mass peak shifts toward later arrival times (i.e., toward similarly observed also for (1, 1) of HeCgHg clusters afl =
high field in the spatial domain) with increasing the magnetic 57 and 80 K, as shown in Figure 3c, its deflection profile
field gradient. This over shift to high fields is accompanied by displays “wings” on the both side of the peak, similar to those
beam broadening. Most of the sandwich clusters investigatedshown in parts bd of Figures 3. Since the spatial resolution is
in this study showed this type of magnetic deflection behavior. limited, the broadened component is not sufficiently developed
This behavior is qualitatively the same that is reported for for accurate analysis, even at cold source conditidns (L00
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Figure 4. TOF peak profiles with different magnetic field: (a) and (b) (1, 2) and (5, 6) of8sgHs and (c) and (d) (2, 1) and (2, 3) of ECsHs
clusters. They exhibit peak broadening together with one-sided deflection. Blue, orange, and red solid lines are smoothed TOFip/ofiles at

0, 160, and 212 T, respectively. Dotted lines are the simulated profile
of distribution function £max = 80) for adiabatic rotor model is shown i
nanoseconds.

K). Although experimental uncertainties are largely due to low
production efficiency for (1, 1) of Ed and Ho-CgHg clusters,
the simulated profiles assuming 7 and 1@gare roughly in
accordance with the field-broadened profile, respectitfaijere,
the width of the distribution function

iz}
|z
where parametez denotes the distance in channels from the
peak center and was 150 and 250 channels for parts b and c o
Figure 3, respectively. Note that one channel corresponds to 1
ns.

3.3. Extraction of the Magnetic Moments for Ln—CgHg
Clusters. Figure 4 shows TOF peak profiles recorded with
different magnetic field for He-CgHg (1, 2) and (5, 6) clusters
and for Eu-CgHg (2, 1) and (2, 3) clusters. They exhibit peak
broadening together with substantial peak shifts. Dotted lines
are the simulated profiles obtained via convolution of the
adiabatic rotor distribution function with the zero-field profile.

F«a==ééh1 ©)

via convolution of distribution function and zero-field profile. An example
n the inset of (d). The horizontal axis is shown by the relative TOF in

dependence of the first-moment position forz{&Hg)s TOF
peak in Figure 2 corresponds to the data point at right-end in
each temperature in Figure 5.

In the most cases, it was found that the deflection of the peak
delay increases linearly with applied magnetic field. By use of
eq 5, the intrinsic magnetic moment was obtained from the slope
of B(6B/92)/(TV?) againstAt, and for example, the magnetic
moment for Hg(CgHs)s is evaluated to be 312/43 at 80 K, as
shown in Figure 6b. As indicated in Figures 5 and 6, data

Fluctuations appear large at the room temperature because the

range of horizontal axis was limited. On the other hand, data in
lower temperatures provide the magnetic moment with higher
accuracy, and they are preferably used to evaluate the size
dependence of magnetic moments. Besides, particularly for small
size clusters (see Supplementary Figure 2S), the magnetic
deflection At remains around zero or small in lower tempera-
tures. These clusters correspond to the ones displayed symmetric
broadening without any net deflection.

In Figures 5 and 6, a common feature is found in the plot for

The peak delay corresponds to one-sided magnetic deflectionsmall clusters; the slope of peak-delayagainsB(0B/32)/(TV?)

toward high field. Extracted peak delay in various temperature
and magnetic field strength was summarized as délay-
B(9B/32)/(T\?) plots for Eu-CgHg and Ho-CgHg (3, 4) and (5,

becomes smaller with decreasing the temperature. The most
probable explanation is provided by the different contributions
on peak delay and broadening, which will be discussed later.

6) clusters in Figures 5 and 6, respectively. The rest of the resultsAnother explanation for this behavior is the nonuniform

for Eu—CgHg, Th—CgHg, Ho—CgHg, and Tm-CgHs clusters are
provided in Supplementary Figure 2S. The magnetic field

detection efficiency along theaxis in PSTOF instrument. As
shown in Figure 1 in the previous repéttgetection efficiency
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Figure 5. Typical plots of magnetic deflection delayt vs B(0B/dz)/ Figure 6. Typical plots of magnetic deflection delayt vs B(dB/9z)/
(T(V(T))d for Eu—CgHs sandwich clusters. The second axie (T(V(T))?) for Ho—CgHg sandwich clusters. The second axi

corresponds the deflection magnitude. Each color corresponds to thecorresponds the deflection magnitude. Each color corresponds to the
cluster source temperatures. Most probable magnetic moment valuecluster source temperatures. Most probable magnetic moment value at
atT = 80 K is depicted as solid lines. Gray-colored solid lines indicate T = 80 K is depicted as solid lines. Gray-colored solid lines indicate

the upper and lower uncertainties of magnetic moments of the clusters.the upper and lower uncertainties of magnetic moments of the clusters.

decreases with the larger deflection, and therefore the delay of 3.4. Magnetic Moment Obtained from the Broadening

first moment of the entire peak is suppressed artificially. Component.Profile analysis assuming the adiabatic rotor model
Furthermore, as shown in Figure 2, width of a TOF peak is for (1, 2) of the He-CgHg cluster was carried out to further
larger in the colder condition, because the spread of the clusterinvestigate the intermediate behavior between one-side deflec-
beam becomes larger due to longer flight time in the apparatus.tion and broadening. As shown in Figure 4c, broadening is
In the case of Ln atoms, detection efficiency can be corrected clearly found, and also one-sided deflection of the peak delay
and one can reproduce symmetric broadening as shown in Figureoccurred simultaneously with increasing the magnetic field
3a. In contrast, the correction of the detection efficiency for strength. Obtained magnetic moments from the broadening
the cluster is not trivial because the shape of a peak is notmagnitude was 3 lug, which is an unexpectedly small value
reproducible or predictable. By consideration that the geo- compared to the moment of j,?/,tB obtained by the peak

metrical deflectionAx from magnitude of peak delagt in delay. The ratio of broadening magnitude to one-side deflection
Figure 5 and Figure 2, it is likely that the harmful PSTOF peak quickly shrinks and reaches almost constant as the cluster size
clipping is not present even i = 57 K. increases. In the case of the HGgHg (5, 6) cluster shown in

Here we assume L-:nCgHg clusters in this study follow the Figure 4d, for example, the magnetic moment derived from
adiabatic rotor model as mentioned in the previous section. It broadened component is5 ug, which is about one-sixth of
is worthwhile to note that the shape of the-L@gHg cluster the one obtained from peak delay &f = 25 ns. Similarly, in
varies from spherical to cylindrical as the sandwich length the case of EtCgHg (2, 1), the magnetic moment derived from
increases. Furthermore, the magnitude of magnetic anisotropythe broadened component-ug, which is about half of one
energy for each cluster size should be taken into acc8dht.  calculated from a delay component. Since this phenomenon
By assumption that the sandwich is rigid and straight, higher comes from the energetic competition between the thermal
aspect ratio in a long sandwich structure causes the reduc-fluctuation and the coupling strength of cluster’s framework and
tion of the averaged magnetic moment60% forn > 4 magnetic moment. It seems reasonable that an adiabatic rotor
compared to (1, 2) clustet§?32 Unfortunately, it is hard to ~ broadening behavior is emphasized at low temperatures only
evaluate the effect of nonspherical shape on the observed resultor a small size of La-CgHg clusters containing only one or
in this study. two Ln atoms. In fact, while (1, 2) of ThCgHg showed only
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symmetric broadening & = 56 K, it showed peak delay as soF — ) T ) Y T =]
well as broadening at 80 K. These intermediate behaviors I EU,_.(CHHH),:+, |
indicate that one needs to consider the entire profile to deduce s50L Eu (C.H,) i
cluster's magnetic moment, not only the delayed component e

for the first moment but also broadened component of the it I

peak?26d

3.5. Size Dependence of the Magnetic Moments for La
CgHg Clusters. Figure 7 shows the magnetic moments for four
kinds of Lny(CgHg)n+1 Sandwich clusters. Corresponding values
for each magnetic moment are tabulated in Table 3. As reported
previously, the increase of the magnetic moment with the size

0} £

2":2/% | i

Magnetic Moment / i

was observed°For all cases, magnetic moment monotonically 10 | i
increases up to = 3. It should be noted that magnetic moments I (a) )
per Ln atom for those L4iCgHg)n+1 clusters up ton = 3 0 i i ; : L \ |
correspond closely with the moments of free Ln ions. Although 1 2 3 4 5 6 7

the magnetic moment of clusters such as'i(@sHg!>), and
EW?+(CgHg ), should involve the contribution of unpaired
electrons on the ligands, it is negligibly small compared with r ’
the magnetic moment of Ln ions. In Figure 7, simulated values 60 Ho (C.H.)
are also plotted as open symbols, which are evaluated by using I .
the magnetic moment of Ln ions and radical electrons on the 50 HO..=(CBH8)-|: 1
terminal GHsg ligands that make up the sandwich cluster. <*
Although there are some experimental uncertainties in the =
measurements, the magnetic moment fof(CaHs)n+1 appar-
ently drops atn = 4, except for Et-CgHg, and is lower
than the value expected by linear extrapolation from 1—3.

In larger cluster sizes at > 3, thus, the magnetic moments
were suppressed similarly in Hy Ho—, and Tm-CgHsg
clusters. This nonadditivity trend is ascribed to the electron spin-
coupling by oxidation states of Ln ions within the {(@gHg)n+1

clusters. I (b)

Cluster Size n

Magnetic Moment

In Table 2, the reported magnetic moments oft.and Lr#t 0 % é é "1 é é _'{
ions are summarized. Since the magnetic moment fér lis
almost the same as that of ¥nfor Th, Ho, and Tm, the Cluster Size n

magnetic moments should be increased linearly if the magnetic : : : : : : :
moments of clusters can be expressed with the sum of the 60 | Tb (C.H.) -
magnetic moments of Ln ions. However, magnetic moments : &
for Lny(CgHg)s clusters of Th, Ho, and Tm are lower than those soL Im(L.A,) g i
for Lng(CgHg)a, implying that there is an anti-ferromagnetic =~ _»
interaction within the La(CgHg)s clusters. On the basis of the =
charge distributions in which thegHg ligand can accommodate  §
up to two electrons, the L{CgHs)s clusters should possess two g a0 L T > |
adjacent central L41 ions, because two Ln atoms should take = ——__?/ B H

o I |

@

| =

(o)

@©

=

than (3, 4). Then, it can be deduced that the two centrét Ln
ions exhibit an anti-ferromagnetic coupling with the®trons i
remaining uncoupled (paramagnetic), although this tentative 10 |
mechanism should be examined theoretically. e (C) 1

On the other hand, the magnetic moment increases again fromr 0 + ! a : . ; ;
n = 4to 5. Since Ly(CgHg)s has three L#" ions, the increase 1 : 3 4 5 6 7
can be explained by the excess2tnion which cannot be Cluster Size n
coupled with the other two L41. On the basis of this  Figure 7. Cluster size dependence of total magnetic moments fgr Ln
explanation, the everodd oscillation of magnetic moments  (CgHg)m clusters (Ln= Eu, Tb, Ho, and Tm). For clarity, horizontal
should appear at larger sizes of{(@gHg)n+1 Clusters = 3). positions are shifted for each element and structure. Error bars show
Indeed, the osclaton can be seen ord@Har cisers 1 WP 27 ower e et o e £ ang .o
(n Z. 3), although, again, the e>.(per.|me.ntal uncertainties are K. Calculated Fr)‘noments for é)ach full sa¥1dwich cluster are plotted as
relatively large. Because the Ehion is viewed as the L open diamonds. For the other sandwich clustersiph), (n, n — 1),
ion with one excess electron in the d orbital of the Ln atom, and ¢, n + 1), their magnetic moments are also shown as half-filled
delocalization of the d electron along with the molecular axis circle, diamond, and triangle symbols, respectively.
may exist, if the interaction between adjacent Ln metal orbitals
is significant. The deviation from a simulated value is likely clarify this probability as the recent report by Payne et al. who
explained by the coexistence of isomers, which have different found two magnetically distinguishable isomers ofdCand
magnetic moments. Experiments with higher resolution will Crzs—133 experimentally3p

on+2 oxidation states instead &f3 states in the size of larger 55 I ilr/1 T
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TABLE 3: Experimental and Simulated Magnetic Moments ggok/tponr for Ln n(CgHg)m Clusters at T ~ 80 Kab

Eu (usix/tsohr) Ho (usor/tgonr) Th (usox/tsonr) Tm (usox/ttsohr)
clusters exptl uncertainties sim exptl uncertainties sim exptl uncertainties sim exptl uncertainties sim
full sandwichesif, n + 1)
1,2 13 +2 -4 10 12 +4 -3 11.97 14 +4 -7 10.97 8 +4 -3 8.85
(2,3) 21 +2 -8 17 21 +3 —4 2094 19 +4 —6 18.94 14 +5 -4 147
(3,4 28 +4 -6 24 28 +5 -6 30.84 28 +7 -6 28.74 18 +5 -6 223
(4,5) 33 +5 -5 31 23 +9 -4 2094 27 +5 ) 18.94 15 +9 —4 147
(5,6) 38 +4 -4 38 30 +4 -5 30.84 325 +9.5 75 2874 18 +4 -4 223
6,7) 44 +9 -7 45 29 +4 —6 20.94 405 +9.5 —12.5 1894 18 +8 -6 14.7
(7,8) 51 +9 -11 52 32 +6 -7 3084 41 +14 —-16 28.74 20 +11 -6 223
open sandwiches(n)
(1,1) 12 +4 -6
(2,2) 18 +4 -4 19 +6 -6
(3,3) 33 +4 -2 29 +7 -5
(4,4) 40 +5 -9 23 +9 -2
(5,5) 40 +7 -6 30 +8 -6
(6,6) 42 +11 -9 38 +7 —-10
(7,7) 50 +10 -10
reversed sandwiches,(n — 1) and other compositions
(2,1) 17 +5 -17
(3,2) 28 +5 -4
(2, 4) 21 +3 -5

2 Experimental uncertainties are evaluated from the upper and lower limits for moment determined from Figures 5Simdilated moments
are calculated from the summation and the partial cancellation of the magnetic moment&tantnions and radical electrons contained in the
cluster (see text).

In contrast to Th-, Ho—, and Tm-CgHg, such oscillation of spins on the Pc ligands couple ferromagnetically for less-than-
the magnetic moments was not observed forEgHg but rather half-filled Ln ions and anti-ferromagnetically for more-than-
a monotonic increase of magnetic moments was observed. Thehalf-filled ions. Costes et al. reported unprecedented ferromag-

averaged magnetic moment per Eu atom was aroung which netic interaction in homobinuclear Er and Gd comple¥ékhe
is similar to that of synthesized mononuclear'EgHg com- interaction between LAaLn ions within a Ln-phthalocyanine
plexes. Since the magnetic moments of freé'fand E@" ions triple-decker complex have been reported by Ishikawa ét al.

are 3.4 and ig, respectively, magnetic moment values can be Anti-ferromagnetic interaction was found for the Er and Tm
employed on an empirical basis to distinguish the oxidation complexes, whereas ferromagnetic interaction was found in the
states. In comparison with observed magnetic moments, it isTbh and Ho complexes. These observations suggest that the
reasonable to assume that Eu atoms in the full sandwich clusteramagnitude and nature of magnetic interaction between Ln ions
exist as E&" ions. In fact, this is consistent with the studies of strongly depends both on the identity of the lanthanide element
photoelectron spectroscopy and mass spectroscopy with an alkaland of the ligand comprising the clusters.

metal doping metho8l.Furthermore, as indicated in Table 2,

the (2, 1) cluster of EtCgHg displayed peak broadening without 4 conclusions

net deflection. This difference implies that the?Ewxidation

state makes the metdligand distance longer, resulting in In summary, the magnetic moments of multidecker lan-
weaker interaction between magnetic orbital of Ln ions and thanide-cyclooctatetraene organometallic clusters;iGaHs,
ligand. were determined by a SteriGerlach magnetic deflection
3.6. Additivity of the Magnetic Moments. Additivity of experiment using various cluster source temperatures. Except
intrinsic magnetic moment for the rCgHg cluster is valid also ~ for some small La-CgHg species, lanthanide organometallic
for open sandwich species. As shown in Figure Thnf and clusters generally showed one-sided deflection of the peak delay

(2, 4) of Ho—CgHg clusters have the moment almost equal to together with symmetrical broadening. The beam-broadening
those of corresponding(n + 1) clusters within the experi-  behavior of the locked-moment clusters was analyzed using the
mental errors. This observation suggests that major source ofadiabatic rotor model. The evolution of the magnetic moments
entire cluster magnetic moment is derived from Ln atoms. To with the size can be explained simply in terms of the number
explain this additivity in the size dependence of magnetic of the Ln ions within the clusters. Except for EGgHs, the
moments, the magnetic interaction between Ln ions within the total magnetic moments of long ErCgHg molecular wires are
sandwich cluster should be discussed. Unfortunately, since thefound to be smaller than the summation of the magnetic
low oxidation state of Ln ions are not common in the bulk, moments of individual Ln ions due to anti-ferromagnetic
except for Eu and Yb, no experimental reports have been made.interactions among two interior Ln ions.

Although there have been several reports on the magnetic These results indicate that, within H€gHg sandwich
properties of multinuclear Ln complexes, little is known about clusters, each Ln ion acts as a small magnet which couples to
the magnetic interaction between Ln ions within such mol- other ions in the chain, thus making these clusters promising
ecules®® Panagiotopoulos et al. measured molar magnetic building blocks for novel 1-D magnetic materials. Pinning by
susceptibilities for acetato-bridged lanthanide(lll) dimers of Ce soft-landing of size-selected ferromagnetic LgHg clusters
and Gd and found that the magnetic interaction between 4f ions onto nanoscale designed surfaces is an emerging appftaah
is much smaller than that between 3d metal ions or between 4fis expected to open exciting new possibilities for exploiting these
and 3d ions* Trojan et al. reported the magnetic susceptibility clusters as nanomagnetic building blocks in applications such
of Ln(Pc) complexe® and concluded that unpaired electron as recording media or spintronic devices.
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