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STM study of one-dimensional cluster formation of fullerenes: Dimerization of Y@ G,
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We have studied one-dimensional cluster formation gf @ @GCs, and Gd@G, along the step of the
Cu(111) 1x1 surface using a scanning tunneling microscope. It is found that the dimer is most abundant only
for Y@Cg, which has one unpaired electron delocalized over the carbon cage, while the monomer is dominant
in the cases of Gd@fz and G. It was concluded that the preferential dimer formation of Y4&i€ mainly
due to the interaction between the unpaired electrons. The interaction energy among fullerence molecules was
estimated based on Walton’s cluster the¢§0163-182607)05735-4

Fullerene moleculéshave attracted much attention to- face and elucidated the interesting effect of the unpaired
gether with nanotubes as a promising new material becausdectron on cluster formation. On the @41)1x1 surface
of their unique structures and chemical properties. A scanthe fullerene molecules are quite mobile as we have docu-
ning tunneling microscopéSTM) has been used for charac- mented with various fullerenés:’®* When a small amount of
terization of the molecules, in particular, to investigate theirfullerene was deposited on the surface, all deposited mol-
processes of adsorption and mechanisms of thin film growtlecules segregated to the terrace edge, and the linear clusters
on various surfaces.lt has been well-documented, from formed along the terrace edge. Two-dimensional island
those studies, that the balance between the moleculgrowth did not take place until the edge was filled with the
molecule and substrate-molecule interactions is critical foffullerene. Therefore, we can regard the cluster formation pro-
determining the morphology and crystal orientation of thincess of these molecules as one-dimensional at a small cov-
films2 It is, thus, very important to understand the interac-erage.
tion among the molecules on surfaces. Cleaning of the copper surface, sublimation/deposition of

Endohedral metallofullereng$ are presently most inter- the fullerenes and the STM observations were carried out
esting among the various fullerenes. Because of the chargmder the ultrahigh vacuufUHV) conditions with a base
transfer from the encapsulated metal atom to the cage, theressure of %10 ! Torr. Details of the STM used were
electronic properties of fullerenes are modified significantly.published elsewher€. A (111) oriented single-crystal cop-
Charge transfer and the resulting electronic properties ofer sample was cleaned by repetitive Ar sputtering and an-
metallofullerene molecules are best investigated witmealing at approximately 500 °C. Upon obtaining clean flat
electron-spin resonand&SR). It was concluded, based on surfaces determined by STM observations, the fullerene mol-
the ESR hyperfine splitting, that the Y@mnolecule>® as  ecules are deposited by resistive heating of a Ta foil which
well as La@G,, '~° possesses one electronic spin or unpairectontains the fullerenes. During the deposition, the Cu sub-
electron primarily located over the carbon cage whilestrate was kept at room temperature. Based on our systematic
Gd@G;, and G, do not!®!! Recently, Furusakat al!? re-  investigatior?'® we know that all molecules are deposited
ported that Gd@§g; has a magnetic moment which indicates on the surface in the form of a single molecule and that the
an existence of an unpaired electron similar to Y@®e, clusters formed on the surfal®.Purity of the fullerene
however, used the carefully purified samples which are ESRamples was>99.8% for Gd@G, and Y@ G,, and 99.99%
silent. It was, thus, speculated that Y@GQmay exhibit for Cgy, as revealed by high-performance liquid chromatog-
unigue molecular interactions due to the unpairedraphy. The details of producing and purifying the fullerenes
electron®13:14 were reported elsewhet.

In this study, we investigated, using an STM, the size More than hundred STM images were taken after deposi-
distribution of one-dimensional clustering of Y@Cand tion of each fullerene on the surface and the cluster size
Gd@G, and pristine G, adsorbed on the Gi11) 1X1 sur-  distribution was compiled. In this paper, term “coverage” is
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FIG. 3. Cluster size distribution curves of;Cand Gd@®G,.
This plot demonstrates that the curves can be fitted well with expo-
nential curves.

erages, the formation of larger clusters is expected. We note

FIG. 1. STM image of Y@, adsorbed on the @u11) 1x1  that the coverage of Y@g is smaller than that of £ or

surface(V sample=—1.2 V). The observed area is 730 & 730 Gd@G,. The fact that only Y@g; which is at the smallest
A.2 All molecules are adsorbed at monoatomic step edges. coverage among them shows a dimer-rich size distribution

must mean that a unique interaction occurs between the
g@ng molecules at the terrace edge.

fi io of th i full h
defined as a ratio of the step occupied by fullerene to t According to the ESR studies, a pair of hyperfine-splitting

total step length. Since the intermoleculaan der Waals
distance of Y@, and Gd@G, is 11.8 A and that of & (HFS peaks was observed only for the Y@Gspectrum
molecules is 10.0 A, the coverage of Y@@nd GAd@G, among those three fullerenes being studied here. It was in-
(Ceg) is defined :;1$thé number of moleculgs<11.8 A (10.0 terpreted due to the interaction between unpaired electrons
A)?(total step length The terms “dimer” and “trimer” are andl=1/2 yttrium nucle®® The HFS structure is explained

used to describe clusters of size 2 and 3, respectively, and d%l'[h a model that three electrons are transferred from a Y

not imply that the clusters are formed with covalent bonds ofitom to the carbon cage, resuiting in a lone electron spin on

other chemically strong bonding between carbon atoms. the cage. It is na';urallto speculatg under the_present situation
Figure 1 is a typical STM image of the Y@g@molecules thatthe preferential d_|mer formation of @Csg, is QUe to the
adsorbed on the Q11 1x1 surface. All three types of unpaired electron whicly @Cg, alone possesseSince three

fullerenes studied exhibited the same adsorption behavioflectrons are transferred from the encapsulated Y atom to the

forming one-dimensional clusters along terrace edges o(f’arbon cage, the overall picture is similar to that of Li atoms,

monoatomic height. From these STM images, we can detet"—vh"?h have an unpaired electr_on and _make arhblecule.
mine the size of individual clusters and obtain the clusters".mIar to the covalent bond n th(_a j_molt_acule, the un-
size distribution. The cluster size distributions obtained forﬁ?r:::j ﬁIoetcaflrct)rri‘r:;(r?(r)trstiﬂgrtrgrearcwgv&g[veer?cttrll%nir?tr;?/agi;cr)wrgna
Zgggzérgdg%’l;ag%%o’ af_;;fwgng] IZIglo/i I:re %gg ergy between Y@g; molecules is much smaller than that of
Gd@G, and G, respectively. In the case of¢§ the Li atoms due to th_e Igrge !ntermolecular dlstanc;e. o
monomer is most abundant, and then the abundance de- In order to qualitatively interpret the cluster size distribu-

creases with the cluster size. This is also true for the clustdfoS We observed, we use a r_nod_el of cI_uster form_at_ior_l origi-
size distribution of GAd@§;. In a histogram of Y@§, how- f?a”y proposed by Walto which is obtained by minimiza-
: ; f Jion of a free energy and thus can be applied to the

cases of equilibrium. According to his theory, the density of
cluster of size's, Ng, can be described byNg
T T T T =N; exp(E(s)/kT)(3N;)5"%, whereN; is the density of
Cso J monomer andE(s) is a formation energy of a cluster of size

Gd@Cao2 s from s monomers. Termi which is not in its original
formula enters because the fullerene molecules being studied
presently occupy four Cu atoms when they form clusters at
terrace edges. If one assumes that the cluster formation is
solely by the nearest-neighbor pairwise interaction, the for-
mation energye(s) is (s—1) X E,, whereE, is the pairwise

o= interaction energy, because the number of pairs in a one-

1 2 4 5 dimensional sizes cluster iss—1. The cluster size density

cluster size can be written adNg=N,[ N; expE,/kT)"*. The cluster

FIG. 2. Cluster size distributions of ¢ Gd@G, and Size density changes exponentially with the cluster size
Y@Cg, Coverages are small; 4.1%, 3.7%, and 2.8% fgp, C This is the case of the cluster formation ofg,Cand
Gd@G,, and Y@G,, respectively. Gd@Gy; their size distributions can be fitted nicely with

—
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Ceo and Gd@G,, the energy is independent of the cluster size,

FIG. 4. Cluster size distribution curves of Y@t coverages Wwhile a large energy gain for the dimer formation is evident for the
of 2.8% (same as that of Fig.)and 14.7%. At both coverages, the case of Y@G,.
dimer is dominant among the clusters.

van der Waals interaction, which is the main interaction in

exponential curves as is shown in Fig. 3. From the fitting, theyulk Cq,,.2° The dipole-dipole interaction, screened by the Cu
value of expE,/kT) (=m) is estimated to be 48.8 and 97 for substrate, also has a significant contribution to the interac-
Ceo and Gd@¢,, respectively. The exponential fitting of the tions of Gd@G, and Y@G, molecules because these mol-
cluster size distribution of £ and Gd@@, means that their ecules have large dipole moments as a result of a charge
cluster formation can be explained by considering only tharansfer from the encapsulated metal to the cat&:*1 The
pairwise interaction between the nearest-neighbor moleculemportant point, however, is that the dipole-dipole interac-

We have found that, in the case of the cluster formation ofion is size independent and does not play any special role in
Y@Cs,, the size distribution cannot be fitted with exponen-dimer formation. It contributes to certain energy gain in clus-
tial curves. Figure 4 shows size distribution curves of theter formation (the energy difference of 16 meV between
Y@Cq, clusters for two different coverages, 2.8% andGd@G, and Gy, but works equally for all sizes of the
14.7%. Both curves have the peak at the dimer, and neithjlusters. It can, in principle, be included in the nearest-
of them can be fitted with an exponential curve. These resultfeighbor pairwise interaction. That is the reason why cluster
show that the cluster formation energys) is not a linear  formation of Gd@@,, which may have a dipole moment,
function of cluster size, and thus, its cluster formation cannotan still be sufficiently explained with the model which con-
be explained with the nearest-neighbor pairwise interactiosiders only the nearest-neighbor pairwise interaction.

alone.In order to explain the size distribution $f@Cg,, the A difference in molecular size or lattice mismatch with
interaction energy which depends on the cluster size shoulthe Cu terrace edges may affect their cluster formation pro-
be considered cesses. We, however, did not observe any difference in clus-

Values of an energy gainE(s) [=E(s)—E(s—1)] to  ter formation between & and Gd@@, molecules except
form a Y@G; cluster of sizes from a cluster of siz&—1  their interaction energy while they have the different mo-
and a monomer, are shown in Fig. 5, calculated from theecular size. On the other hand, Gd@@&nd Y @G, showed
cluster size distribution of Fig. 2. Energy gains fog@nd  a quite different size distribution in spite of their similar
Gd@G; are also plotted in Fig. 5, 101 meV fogand 117 molecular size. We measured the intermolecular distances
meV for Gd@G,, independent of the cluster size and equalfor the Gd@G, and Y@G, clusters adsorbed at terrace
to the pairwise interaction energy. The larger energy foledges from STM images, but did not observe a significant
Gd@G, means that Gd@4 has the stronger attractive in- difference. Thus, we believe that the effect of the size differ-
teraction, resulting in larger cluster formation. In the case oknce of the molecules or lattice mismatch does not play a
Y@Cs,, however, the energy gain of the dimer is 172 meV,significant role on the smooth CL11) 1X1 surface.
much larger than those of Gd@{and G, while the values In the analysis of our experimental results, we assumed
for trimer and tetramer are-140 meV and the energy for a that the clustering formation occurred in the equilibrium con-
pentamer is identical to the value of GA@CY@Cg, mol-  dition and estimated the values of interaction energy between
ecules have the strong interaction in forming the dim&r fullerene molecules, based on the Walton theory applicable
straightforward interpretation is that the dimer formation isto the case of equilibrium and low coverages. In order to test
due to the interaction originated at the unpaired electron lowhether it is really in equilibrium and whether the Walton
calized in the cage of the Y@gmolecule. Although it is theory is applicable to our experiments, we investigated the
similar to the covalent bond in the Limolecule, the interac- cluster formation processes o§fn more detail, as a func-
tion energy gain unigue to the dimer formation of Y@@  tion of Cg, coverage and flux rate. The cluster size distribu-
only 55 meV compared with those of Gd@C much tion was measured in theggcoverage range between 5.4%
smaller than that of the normal covalent bond, due to the facand 21.9% and in the flux rate between 0.18%/sec. to 3.4%/
that the molecules forming the dimer are separated furthesec.
apart by the large nearest-neighbor distafice8 A). Our important findings are as followgt) The cluster size

As for the origin of interactions in the cases of GA@C distribution or average cluster size did not depend on the flux
and Gy, it is safe to assume that they are attributed to theate. This indicates that the kinetics of the molecules was not
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important in the present stud§2) At coverages smaller than should be applicable, and its interaction energies obtained
10%, the size distribution fits well with a single exponentialwith the theory is meaningful.

curve, which is explained and consistent with the Walton In conclusion, we studied the cluster formation process of
equilibrium theory. At a coverage over 10%, however, thefullerene(Cg, GAd@G,, and Y@G,) molecules on the flat
size distribution began to deviate from the theory, and thecy(111) 1x1 surface and found the preferential dimer for-
number of Gy monomer became smaller than that expectednation only for Y@G, which possesses an unpaired elec-
from the exponential curve. Therefore, we safely concludron, This observation was interpreted based on the attractive
that the cluster formation process in our experimental condizyieraction exerted between the unpaired electrons of two
tions is in equilibrium and that th_e Walton theory is valid as neighboring Y@@, molecules. Although its interaction en-
long as the fullerene coverage is less than 10%_. Based o gy is small(<100 me\}, the Y@G,, molecule on the ter-
tthe Sizx r(?ESL;Lt%’ i\r/]vcteh ef(\)lvgﬁont’z&:‘torrt:li a zﬁga? deggalsmfs”cé?rrace edge essential_ly behaves just like a Li atom, which also
4N EXPEH/K), possesses an unpaired electron and formsridlecules. The

than 1 in order to apply the theory. . . .

The value of:N, 2%«5 IKT) in oyur experiment shown in Y@Cg, molecule is one of the first experimentally docu-
Fig. 2 is 0.27 <6 3 and Op36 for g, Y@Csy, and GA@G, mented cases of the so-called “superatom” which was origi-
respectively. If one carefully looks at the size distribution of "2!ly Proposed for semiconductor heterostrucftira. con-
GAd@G, clusters plotted in Fig. 3, one notices that the num-CePt regarding the molecule as a superdfdth would
ber of the monomer is slightly smaller than that expecteoorov'de us with a new scheme in understanding clustering

from its fitting curve. Since the value ¢iN; expE,/kT) of and growth, and in designing new materials.

Gd@G; is 0.36, relatively large, this may be the reflection  We acknowledge support by the New Frontier Program
of slight deviation from equilibrium as mentioned above.Grand-in-Aide for Scientific ResearciNo. 07NP0301
But, in the cases of & and Y@G,, where the coverage is funded by Department of Education, Japan, and the National
small compared with that of Gd@§ the Walton theory Science Foundation Grant No. DMR-9300704.
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