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Orientational configurations of the Cgy molecules in the(2X2) superlattice on a solid Gg (1112)
surface at low temperature
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The orientational configurations ofg&Emolecules on the surface of a multilayegy,Gsland with a(111)-
terminating plane were studied at 78 K by using a scanning tunneling microscope 2As@perlattice, which
resulted from the orientational ordering of thg,@olecules, was observed. In each unit cell of the superlat-
tice, one Gy molecule with a three-lobe intramolecular pattern, and thrgen®@lecules with dumbbell-like
intramolecular patterns, were clearly resolved. In combination with the theoretical analysis and simulation, the
orientational configurations of theggEmolecules were determined.
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I. INTRODUCTION with relatively long residence times at sites corresponding to
setting angles of about (2260n)° (n=0,1,2 ...).

A Cgo molecule is composed of 12 pentagons and 20 Below 90 K, the G, molecules are frozen into a glassy
hexagons. This elegant cage structure includes thes@id  phase(or rotational frozen phageln this state, the rotational
with many interesting physical and chemical properties. Infreedoms of the molecules are totally lost; each molecule
addition to the translational ordering in the traditional solids,randomly occupies one of the two orientation-dependent
there is also molecular orientational Ordering in & Solid. |oca|_energy minima. It was Suggested that in this tempera_
Understanding the orientational ordering is a basic issue fofyre range the orientation of the majority ofg@nolecules is

studying fullerene-based materials. described by a setting angle of22°, while the minority
At room temperature a bulkggcrystal adopts a fce struc- finqs jtself in an orientation with a setting angle of about

ture (space grou;’Fm?m).l‘4 Molecules which are orienta- gp°5
tionally disordered rotate nearly freely and independently of |5 analogy to the orientational fcc-sc transition in the

each other. bulk, on the surface of & films with two or more layers of

In the temperature range of 90—-260 K, the molecules i ' mojecules, a X 1 to 2x 2 disorder-order transition with
solid Gy lose two of their three degrees of rotational free-+ "~ 555 53c K (about 30 K lower than that of the bulk
dom, and the lattice structure is transformed into a simplq,ccc_SC transitiop was confirmed by electron-energy-loss
cubic(sc, space groupa3), known as the rotational ordered spectroscopy (EELS), low-energy election-diffraction

6 . . .
phase:® From a physical standpoint, the lowering of the LEED), and helium-atom scattering diffractighlAS) stud-

crystal symmetry is caused by the assignment of a loca s, as well as by theoretical calculationd!

threefold axis to each of the four distinct molecules in a unit However, the EELS, LEED, and HAS techniques can

cell. In .th|s low-temperature ordered' pha;e, there are tW%nly provide statistical information on the surface superlat-
energetically, nearly degenerated, orientational variants foficq ather than give the orientational configurations of the
each molecule, cqrresppndmg to comjnterclockglvse rotation, jacules. The scanning tunneling microsceBTM) tech-
from a standard orientation through22® and~82°, respec-  hique has the advantage of imaging a solid surface in real
tively, about a local threefold cubid11], [111], [1,1,1],  space with atomic resolution; this makes it a powerful tool
or [1,1,1] direction. The energy difference between thesefor studying the orientational configurations ofssCmol-

two orientational variants is-11 meV, and the energetic ecules grown on solid surfac&s:**

barrier between them is 235-280 m&¥In an idealized In this paper, we focus our attention on the orientational
ordered structurécorresponding to a setting angle-e22°),  configurations of g molecules on the111)-terminating

the relative orientation of adjacent molecules is stabilized bylane of a multilayer &, film. In order to reduce the influ-
aligning a bond common to two hexagaihereafter denoted ences of the substrate, and thus to study the intrinsic proper-
as a 6:6 bondon one molecule opposite the pentagonal facdies of the orientational ordering, we grow a multilayer film
of an adjacent g molecule. Another structurécalled the  with Cgqislands of up to about 10 ML thick. A2 super-
“defect structure’), which corresponds to a setting angle of lattice, which resulted from the orientational ordering of the
~82°, places the 6:6 bond of oneg;ddnolecule opposite a Cgo molecules, was observed on the surface of a multilayer
hexagonal face of an adjacenganolecule. Davidet al®  Cggislands by STM at 78 K. In combination with theoretical
described the low-temperature rotational ordered phase by simulation, the orientational configurations ofg@nolecules
uniaxial reorientation, which takes the form of a fast 60° hopin the 2x2 superlattice are determined. To our knowledge,
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FIG. 1. A 300x300-nnt STM topography image of a 10-ML
Ceo island grown on a $100 2X 1 surface. FIG. 2. (a) Empty-state topography STM image on g &land
surface. A 2X2 superlattice can be clearly resolvet) The line
this is the first example of a>22 superlattice observed di- profile along the direction of the base vectoindicates that the
rectly by STM on the Gy(111) surface. heights of G, molecules with three-lobe intramolecular patterns are
lower than those of the dumbbell-like ones.
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Il. EXPERIMENT on the surface of the island. In each unit cell of the superlat-
tice, one (g molecule with a three-lobe intramolecular pat-
The experiments were carried out at a base pressure bgsin and three g molecules with dumbbell-like intramo-
low 1x 10™** mbar by using an OMICRON low-temperature |ecular patterns were clearly resolved. The line profiles of the
STM with an electrochemically etched tungsten tip, whichsTp image also clearly demonstrate x 2 superlattice of
was subjected to a careful cleaning treatment. Athe surface. For example, Fig(t2 displays a line profile
Si(100)-(2<1) surface, with a low defect density was ob- glong the direction of the base vectarof the unit cell, as
tained by the standard outgas and flash-annealinghgicated in Fig. 2a), in which the lower peaks correspond
procedures? Cgo molecules were sublimed from a Knudsen tq the three-lobe g molecules and the higher double peaks
cell to a nominal thickness of 2 ML on the Si(100)X2)  correspond to the dumbbell-like ones. Statistical results over
substrate, which was kept at room temperature. The ashe highest parts of the molecules indicate that, on average,
deposited G film was then subjected to a post annealing tothe height of the g, molecules with three-lobe intramolecu-
a temperature of about 300°C. This annealing process iNgr patters are about 0.1 A lower than the dumbbell-like
duced the G, molecules to crystallize into multilayer is- gnes.
lands. Figure 1 shows aggisland with about 10 ML of At room temperature, we did not observe any intramo-
close-packed £, molecules. lecular patterns of the & molecules. This indicates that all
The STM images were recorded at 78 K. Since thg C the molecules rotate freely at room temperature, which is
film is a semiconductor with a bank gap of about 1.6-1.9consistent with previous resuits!® We also cooled the
eV,!**itis crucial to set a high bias voltage and to keep asample down to liquid-nitrogen temperature, and warmed it
small tunneling current during scanning. In this experimentup to room temperature several times, and obtained the same
the sample bias voltage was set to 5.5 V and the tunnelingTM images. This indicates that our result is reproducible.

current was typically kept at 50 pA. It is believed that different intramolecular patterns result
from different orientations of the & molecules®>!* The
IIl. RESULTS AND DISCUSSIONS three-lobe features of theggintramolecular image indicate

that the corresponding molecules stopped their rotation and

Figure 2a) shows an empty-state topography STM imageexisted on the surface with a hexagon facing up. As for the
which was taken at 78 K on the island surface, as shown ithree dumbbell-like intramolecular patterns in a unit cell,
Fig. 1. G molecules crystallize into multilayer islands with they vary their orientations about th&l1] direction(normal
a close-packed molecular arrangement, which corresponds to the sample surfageby different angles. The triangles in
the (111) plane in the bulk fcc structure. Instead of the ori- Fig. 2(a) illustrate the orientational relations of the three
entational glassy phase as predicted in the Bufkthe ex-  dumbbell-like G, molecules(gray triangle with respect to
perimental scope an ordereck2 superlattice was observed the three-lobe oneéwhite triangle. There are three three-
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lobe Gy molecules at the corners of the white triangle, and
three dumbbell-like ones in the middle of each side. The

three sides of the white triangle lie in th&01], [110], and
[011] directions, respectively. The gray triangle is obtained

by drawing lines through the centers of the three dumbbell- @

like Cgg molecules along thgl21], [211], and[112] direc-

tions, respectively. It can be seen that the three dumbbell-like @ @ @ @ @
patterns of the g molecules lie approximately in the direc-

tions of the three sides of the gray triangle, which rotates by (b)

30° clockwise with respect to the sides of the white triangle.

In general, however, the observed intramolecular patterns FIG. 3. (8) Simulated empty-state STM images of a freg, C
are not directly related to the atomic structure of the mol-molecule with five kinds of high-symmetry rotational orientations
ecules, but to the electronic structure of the fullerenes on theorresponding tab) schematic diagrams ofggwith a hexagon, a
surfaces. In order to correlate the STM imd§ég. 2a)] to 6:6 boqd, a 5:6 bond, a.pentagon, and an atop atom facing up,
the orientational configurations of thezCmolecules, we ~'espectively, from left to right.
conducted a theoretical simulation of thgy@olecules with
different orientations.

The G island is about 10 ML thick. For such a
multilayer film, the influence of the substrate to thg @ol-
ecules on the surface should be negligible, so only the inte

actions from the neighboringegmolecules are importantin - igyre 3 displays the theoretically simulated constant cur-
detgrmmmg_ the orientations of thesgdnolecules. However, ot empty-state STM images of a freg,@ith five kinds of

the interactions betwgerg@:molgculgs are of van_der Waal; high-symmetry orientations. Comparing Figgaand 3b),

type. Even though this interaction is important in determin-ye can see that the bright spots correspond to the pentagonal
ing the orientational ordering of the molecules at low tem'rings. This can be explained with the excess LDOS in the
perature, it does not influence the local density of stategmpty-state level at pentagonal rings which consist of five
(I__DOS)_ of the Gy molgcule_s S|gn|f|cantly. Thus, in the sp? bonds. Among these simulated images, threefold and
simulation, as an approximation, we only simulate the LDOSyofold symmetry intramolecular patterns can be observed,

of a free (o molecule with different orientations. , respectively, in G, molecules with a hexagon and a 6:6 bond
We adopted Tersoff and Hamann's formidi& and its

atom in the numerical integration, we achieved sufficient
convergencéless than 10°e) for the self-consistent charge
process. Finally, the LDOS distribution on the upper hemi-
sphere with a 16 bohr radiusx() from the center of &,
Was calculated.

facing up.
extension to simulate STM images. In this method, the tun- Asg mgntioned above, in the idealized ordered structure
neling current in the STM can be expressed as inside a G, solid, the relative orientation of adjacent mol-
Eqtev ecules is stabilized by aligning an electron-rich 6:6 bond on
|(V)ocf dEp(r,E), (1)  one molecule opposite an electron-poor pentagonal face of
Er an adjacent g molecule® The high symmetry of the &

molecule allows these interactions to be optimized identi-
cally for all 12 nearest neighbors. On the surface ofgg C

— 2 _
p(r,E)—Ei |[i(NI"S(E-Ey), 2) solid, the driving force for the three-dimensional fcc-sc tran-
sition is absent due to the breaking of translational symme-
wherep(r,E), ¢i(r), andEg are the LDOS of the gg mol-  try. For example, molecules at the surface have only nine

ecule, the wave function with enerdy;, and the Fermi en- neighbors instead of 12 in the bulk. However, the existence
ergy, respectively. Equatiord) and (2) assume a constant of the 2X2 superlattice indicates that a crystal field involv-
density of states of the tip which allows us to obtain STMing nine nearest neighbors ofgnolecules is still capable of
images from only the LDOS of the sample surface. Thisdriving the molecules to an orientationally ordered state.
assumption is tenable when the separation between the tip In analogy to the idealized ordered structure in the bulk
and sample is large enough. The experimental conditions fojcorresponding to a setting angle ef22°), we suppose a
obtaining Fig. 2a) meet this requirement. It is known that schematic diagram for the orientational configurations gf C
the LDOS near th&g makes a dominant contribution to the molecules on thél11) surface, as shown in Fig(&. Figure
STM images. Hence we can obtain the LDOS by adding ugl(b) is obtained by choosing simulated empty-state STM im-
several molecular orbitals with the same weight. ages of the free £ molecules with a hexagon and a 6:6 bond
The electronic structures of the fregg@nolecules were facing up(Fig. 3), and arranging them according to the ori-
calculated by using a discrete-variational—local-density apentational configurations as illustrated in Figay Figure
proximation method which was described in detail4(c) is an enlarged STM image of Fig(&. For purposes of
elsewheré?? In the formulation of Kohn-Sham equations comparison we shade out some of the molecules here. From
we used an exchange and correlation potential of the vofig. 4, we can see that the theoretical simulation reproduces
Barth—HediR® form, with parameters taken from Moruzzi the main features of the STM image. In each unit cell of the
et al?* The atomic basis functions, representing the electrorsuperlattice, one g molecule with a three-lobe intramolecu-
orbitals, were $>%2s%%2p?9 Using 600 sample points per lar pattern and three & molecules with dumbbell-like in-
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FIG. 4. (a) Schematic diagram of theggorientational configu-
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tramolecular patterns are revealed. Moreover, the orienta-
tions of the intramolecular patterns also coincide with those
shown in Fig. 2a). For example, in Fig. @), the three three-
fold symmetry Gy molecules form a triangle corresponding
to the white triangle in Fig. @), and the three twofold &
molecules form a triangle corresponding to the gray triangle
in Fig. 2(a).

By setting the simulated LDOS to a constant value, we
can obtain the contour of aggmolecule. In this way, we can
also scale the heights ofggmolecules with different orien-
tations theoretically. For example, when we set the cutoff of
the LDOS to X107 bohr 3, the heights of g, molecules
with hexagon and 6:6 bonds facing up are 7.84 and 7.93 A,
respectively. Considering that such calculated heights are de-
pendent on the cutoff of the LDOS and, on the other hand,
that the measured heights may be influenced by possible re-
laxations of the surface molecules, we cannot compare them
directly. However, qualitatively, these calculated heights can
explain the phenomenon that the three-lohg @olecules
are lower than the dumbbell onéBig. 2). Therefore, this
result also supports the orientational configurations illus-
trated in Fig. 4a). Based on the above results and discus-
sions, we conclude that the orientational configurations of
the Gsp molecules on @111) surface are similar to those in a
bulk material.

Inside a crystalline g solid, because of the high-
symmetry crystal field, the orientational configurations of all
the Gy molecules can be determined with a single order
parameter:® On a G, solid surface, the breaking of transla-
tional lattice symmetry makes theg&molecules remain in
an asymmetric crystal field. This makes thg Golecules in
the four sublattices inequivalent. In a previous theoretical
work, by taking account of two order parameters, Passerone
and Tosatfi* predicted that there are two kinds of sublattices
in a unit cell. However, by careful examination of the results
in Fig. 2, we can see that the three dumbbell-likg @ol-
ecules in a X 2 unit cell are not exactly identical, and some
dumbbell-like patterns may appear brighter on one side than
on the other side. This can be explained as the molecules tilt
from the 6:6 bond orientation slightly to the atop orientation,
which can be understood by consulting Fig. 3. This result
indicates that two order parameters may be not enough for
optimizing the orientational configurations of thgyGnol-
ecules on the surface. Sawn al? computed the interaction
energies for a pair of g molecules; their results indicate
that the 6:6 bond to pentagon configuration is not the lowest
in energy. This implies that once the symmetry of thg C
array is changed, the orientational configurations of the C
molecules will very likely change. In the present case, on the
Ceo(111) surface, the nearest-neighbor molecules are
changed from 1Zin the bulk to 9. Thus we think that the
breaking symmetry on the surface will very likely result in
the orientations of the §& molecules becoming optimized
again.

In order to obtain a full understanding of the orientational

rations on the Gy(111) surface. The shaded pentagons are the e|eccqnfigurations_, of & rr'_nolecules on the surface, further de_-
tronic rich regions corresponding to the bright spots in the STMtailed theoretical studies are still to be explored. These in-

images,(b) the simulated empty-state STM image, &yl an en-

clude optimizing the orientational configurations energeti-

larged image of Fig. @) with some of the molecules shaded out. cally, and simulating the LDOS'’s of theggmolecules by
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considering interactions of the neighboring molecules. Ouiof a STM image with the theoretical simulated results, we
STM observations on the surface of soligy@rovide good found that orientational configurations of thg;@nolecules

initial orientational settings for this future work. on the surface are similar to those in the bulk, except for
some complex details. This similarity indicates that it is the
IV. SUMMARY interaction of the neighboring g molecules that drives the

) ) i molecules to an orientational ordered state.
In summary, instead of the orientational glassy phase as

predicted in the bulk, an orderedx2 superlattice was ob-
served on th¢111) surface of a multilayer g film by STM
at 78 K. In each unit cell of the superlattice, ong, @ol-
ecule with a three-lobe intramolecular pattern and thrge C  This work was supported by the NSF, the ICQS of Chi-
molecules with dumbbell-like intramolecular patterns werenese Academy of Sciences, and the NKBRSF of China under
clearly resolved. By comparing the intramolecular patternghe Grant No. G1999075305.
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