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Abstract

We report the scanning tunneling microscope (STM)
study of the C¢ adsorption on the Ag(111)1x1 surface.
The well-ordered C¢, monolayer with good quality was
obtained by briefly annealing the multilayer Cg, at
approximately 300°C. It is concluded that the
(2V/3)x(2/3)R30° reconstruction is energetically the
most stable phase, while two other phases, "hex-a" and
"hex-b" phases, are also observed, rotated by approxi-
mately 12.5 + 1.5° and 47.5 + 1.5° with respect to the
stable (24/3)x(2/3)R30° phase. It is suggested that
some specific stable adsorption sites are responsible for
the pinning and growth of these "hex-a" and "hex-b"
phases. Orientational ordering is also documented based
on the observed high resolution structures.
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Introduction

The interest in the fullerene-metal interaction has
been increasing rapidly since the breakthrough in pro-
ducing fullerenes in macroscopic amounts (Kritschmer
et al., 1990). Scanning tunneling microscopy (STM)
has proven to be very powerful in studying adsorption
and film growth of fullerenes on various surfaces (see,
for example, Li er al., 1991a, 1991b; Wilson et al.,
1990; Wragg et al., 1990; Zhang er al., 1992) as well
as the characterization of the intramolecular structures of
fullerenes. The STM studies of Cg( adsorbed on the no-
ble metal surfaces, such as Cu (Hashizume et al., 1993;
Motai et al., 1993), Ag (Altman and Colton, 1993a,
1993b), and Au (Altman and Colton, 1992; Chen er al.,
1992; Howells er al., 1992; Kuk et al., 1993; Wilson et
al., 1990; Wragg er al., 1990; Zhang et al., 1992) sur-
faces, have been reported. On the Cu(111) surface, it
is found that the well ordered 4x4 reconstruction can be
formed after a brief annealing at ~290°C and that the
intramolecular structures are also observed. This is the
first case where it was clearly demonstrated that the
Cu(111) surface ratchets the rotation of Cgy molecules
and that the orientational ordering takes place. Photo-
emission studies concluded that a significant amount of
charge transfers to the first layer of Cqy from Cu, as
well as Au and Ag substrates (Chase er al., 1992;
Maxwell er al., 1994; Rowe et al., 1992), similar to the
case of alkali metal doping in the C¢j bulk phase.

The Ag(111) surface is also found to be a suitable
substrate for the film growth of Cgj, since the
(2 3)x(24/3)R30° structure is found to have almost the
same lattice constant (10.02 A) as that of the Ce( face
centered cubic (fcc) crystal. The adsorption of Cgj on
Ag(111) was first studied by Altman and Colton (1993a,
1993b). Their results show that the (2v/3)x(2v/3)R30°
reconstruction is the dominant phase on the as-deposited
surface at room temperature, while two other phases, ro-
tated 10° and 15° from the < 110> direction of the
Ag(111) surface, respectively, were also observed in
some small areas and it was speculated that they form as
the result of growth from the <112>, <113 > or




<114 > step edges. They also discussed the adsorption
geometry of Cgy molecules in the (24/3)x(2/3)R30°
phase. However, little was discussed about the structure
of their reconstructions and stability. The detailed de-
scription of these reconstructions, as well as the adsorp-
tion geometry of Cq( molecules in these reconstructions,
are still not available.

In this paper, we report the STM study of the Cg,
molecules adsorbed on the Ag(111)1x1 surface. We em-
phasize here the behavior of the first layer of Cg in or-
der to characterize the reconstructions of Cg, with the
Ag substrate. Our results show that even though the
(2/3)x(22/3)R30° phase is the dominant phase on the
Ag(111) surface, other phases are also found to be stable
at room temperature, with almost the same nearest
neighbor (n.n.) distance as that for both the Cg( fcc bulk
phase (10 A) and the (2/3)x(2y/3)R30° phase. The sta-
bility of these phases is studied by annealing the surface
at moderate temperatures. The observed intramolecular
structures show that the orientational ordering is rather
complicated compared to the case of Cgy on the Cu(111)
surface (Hashizume ez al., 1993; Motai et al., 1993).

Experiment

The STM instrumentation has been reported else-
where in detail (see Hashizume et al., 1991; Sakurai et
al., 1990). Briefly speaking, our FI-STM is a combina-
tion of a high performance scanning tunneling micro-
scope (STM) and a room temperature field ion micro-
scope (FIM) which is used for precise characterization
of the scanning tip and its atomic scale fabrication. To
obtain excellent stability and duty-cycle performance,
<111> oriented single crystal tungsten tips are used.
The single Ag(111) crystal surfaces are cleaned by sev-
eral cycles of 500 eV Art bombardments and post-an-
nealings at approximately 420°C until the clean 1x1 sur-
face is obtained by the STM and low energy electron
diffraction (LEED).

Briefly speaking, to obtain fullerenes, an arc be-
tween two graphite rods was sparked at 200-250 A in
the direct current (dc) mode in a He (100-200 Torr) at-
mosphere to produce fullerene rich soot. The soot was
first rinsed with boiling benzene. The solution was re-
fluxed with quinoline, filtered and then concentrated.
The condensed powder was rinsed with hexane, methan-
ol, and benzene. The isolation of Cgy was achieved by
the two-stage high-performance liquid chromatography
(HPLC). The purity was tested by laser-desorption
time-of-flight (LD-TOF) mass spectrometry measure-
ments. It is estimated to be better than 99.5% by LD-
TOF mass spectrometry measurements (for more details,
see: Saito et al., 1991; Shinohara et al., 1992). The
Cgo powder is placed inside a small Ta-made dispenser
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Figure 1. The as-deposited first layer Cg, on the
Ag(111) surface. The domain at the upper part of the
image is the (24/3)x(2¢/3)R30° phase, the domain at the
lower-left part is rotated 12° from the < 110> direc-
tion, and the domain lower-right part is rotated 46° from
the < 110> direction. Note that the Cgo molecules in
the (24/3)x(22/3)R30° phase are imaged with uniform
brightness. Sample bias Vb = -2.0 V; tunneling current
It = 30 pA.

(Hashizume er al., 1992). After degassing the dispenser
thoroughly in a ultra-high vacuum (UHV) preparation
chamber, it is brought near the clean sample surfaces
and heated at approximately 310°C for sublimation. In
all cases, the Ag surface was kept at room temperature
during deposition and STM measurements.

Results

The behavior of the initial stage adsorption of Cg
on Ag(111) is very similar to the case of Cqy on the
Cu(111) surface (Motai er al., 1993). The Cgy mole-
cules are very mobile on the Ag(111) terrace even at
room temperature and they prefer to adsorb and nucleate
at the step edges, where the monolayer Cg islands start
to grow to the terraces. This is also consistent with the
STM observation reported by Altman and Colton
(1993a, 1993b). The close-packed hexagonal arrange-
ment of Cg molecules are observed for the first layer as
well as the multiple layers. Careful examination of the
STM images shows that in most areas, Cq, molecules
form the hexagonal packing (2v/3)x(2V/3)R30° recon-
struction, which has the n.n. distance of 10.0 A. How-
ever, several other reconstructions also exhibiting close-
packed hexagonal arrays can be frequently observed; the
n.n. distances in all these phases are measured to be
10.0 + 0.1 A, the same as in the (2/3)x(2v/3)R30°
phase. Figure 1 shows the surface of the as-deposited
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Figure 2. The STM image of a large domain of the (2y/3)x(2v/3)R30° phase, which is obtained after a brief annealing
of the surface at approximately 300°C. It can been observed that the large area is characterized with mixing of dim
and bright Cq, molecules, while the aggregation of bright Cg( can be seen in the right part of the image.

monolayer Cq, which contains three different phases.
The upper portion of the image is the region of
(2V/3)x(22/3)R30°; the domain in the lower-left part is
the same close-packing but is rotated 12° from the
<110> direction, while the domain in the lower-right
part is rotated 46° from the < 110> direction. Sim-
ilarly, we have observed other phases, which are rotated
with certain angles with respect to the < 110> direc-
tion. In most cases, these angles can be grouped into
two types: one has angles between approximately 11-
14°, which is named as the "hex-a" phase here, and the
other one has angles of approximately 46-49° with re-
spect to the < 110> direction and is named as "hex-b"
phase here. It should be noted that in the as-deposited
(2V/3)x(24/3)R30° phase, as well as in all other phases,
all individual Cg, adsorbates are imaged with almost
equal brightness.
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It is found that these reconstructions change upon
annealing the surface at moderate temperatures. A brief
annealing of the surface of multilayer adsorbed Cq film
at 300°C results in the Cg monolayer on the Ag sur-
face, similar to the case of Cgp on the Cu(111) surface
(Hashizume er al., 1993; Motai et al., 1993). Essen-
tially the same results were obtained by annealing the
surface of just one monolayer Cq film. For the phases
other than the (2v/3)x(2/3)R30° phase, individual Cg
molecules are still imaged with equal brightness.
However, a drastic change can be observed in the
brightness of the Cg, images in the (24/3)x(2v/3)R30°
phase, i.e., Cgq molecules are imaged with two different
kinds of brightness, namely dim Cgys and bright Cggs.
Figure 2 is the STM image of a large terrace of the
(2V3)x(2/3)R30° phase after annealing at 300°C brief-
ly. The distribution of the dim and bright Cgys can be
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Figure 3. The STM image showing the intramolecular
structures of Cg in the (2/3)x(2/3)R30° phase. (It =
30 pA, Vb = -1.2 V).

clearly observed. The apparent height difference be-
tween these two kinds of molecules is as large as 0.6 A
at -1.2 V sample bias voltage. It is interesting to note
that, although most of the area is characterized with the
random mixing of dim and bright C¢, molecules, the ag-
gregation of bright Cg( molecules can also be observed
in some patches, as shown in the central-upper part of
Figure 2. In the area where bright and dim Cgq mole-
cules are mixed, the portion of the dim Cgy molecules is
approximately 38%. This value does not change even
upon prolonged annealing up to 36 hours. Since the ful-
lerene powder is of high purity, it is ruled out that the
observed brightness variation is due to the presence of
other larger fullerenes, such as C;y or Cg4. We also
note that the prolonged annealing up to 36 hours also re-
sults in the disappearance of the "hex-a" phase and the
"hex-b," leaving only the (2¢/3)x(2/3)R30° phase on
the entire surface. This fact suggests that the
(2V/3)x(24/3)R30° phase is energetically the most stable.

The intramolecular structures for the three phases
have been observed on the surface after a brief annealing
at ~300°C. Figure 3 shows the high resolution STM
image of the monolayer Cg, in the (2V/3)x(2/3)R30°
phase at -1.2 V sample bias voltage. In this image, the
intramolecular structures of Cgy molecules can be ob-
served. The intramolecular structures for the dim Cg
molecules show a three-fold clover-like shape, with their
leaves aligning to the close-packed chains of Cgy mole-
cules. Only faint contrast variations are observed for
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Figure 4. The orientation change as the function of
time: (a) The STM image of the surface area with
(2V/3)x(24/3)R30° reconstruction, and (b) the same sur-
face area scanned after 3 minutes later. Note the mole-
cules marked have switched from dim to bright or vice
versa.

bright C¢y molecules. Three-fold images can be ob-
served for dim Cqq molecules in a wide voltage range of
+2.5 V to -2.5 V sample bias voltages, even though the
contrast and brightness vary. It is interesting to note
that, by continuously scanning the same area at the same
scanning conditions, some Cg adsorbates change bright-
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ness, from "dark" to "bright" and vise versa, as shown
in Figures 4a and 4b, obtained in a 3 minute interval.

Figures Sa and 5b show the intramolecular struc-
tures of Cggs in the "hex-a" phase and "hex-b" phase,
respectively, which were also obtained after a brief an-
nealing of the surface at approximately 300°C. Again,
the three-fold clover-like features can be well resolved
for most Cgq molecules. However, these clover-like
features are not as symmetric as those observed for the
(2/3)x2(\/3)R30° phase. Furthermore, their orienta-
tions vary and are irregular. In contrast to the case for
the (24/3)x(2¢/3)R30° phase, their contrast and shape do
not change with time.

The STM images for all the phases of the first layer
can be stably observed at sample bias voltages as low as
+ 0.1 V, implying their metallic nature.

Discussion

The coexistence of several domains with the same
close-packing but different orientation indicates that the
difference in adsorption energy for different phases is
small. The orientation of a particular domain may sim-
ply be determined by the initial nucleation conditions.
As the nucleation starts from the step edge, the structure
of the step edge may influence the domain orientation.
Altman and Colton (1993b) suggested that the alignment
of Cg, molecules at the step edge at the initial stage ad-
sorption determine the orientation of the domain. The
R10° and R15° rotated domains, which they observed,
were explained as the growth of Cgy molecules at step
edges, such as <112>, <113> or <114> direc-
tions.

However, this interpretation is still not sufficient to
explain why only a small number of domains are ob-
served while the orientation of the step edges can be
many, depending on the tilting angle of the Ag crystal
sample surface off the (111) orientation. Furthermore,
even though the < 110> step edge is the most stable in
energy along with the other two equivalent step edges,
<011> and <101>, we did not observe the phase
with its close-packed row parallel to the < 110> direc-
tion of the substrate step edge. For step edges with the
<113 > or <114 > directions, the close-packed row
would have the angle of 13.9°, or of 19.1° with the
<110> direction. However, the domain rotated by
19.1° was not documented according to our STM obser-
vation. Therefore, other interactions, especially those
involving the interactions of Cg with the substrate, must
be considered in order to explain the stabilization of the
"hex-a" and the "hex-b" phases, as well as the
(2V3)x(2/3)R30°; we suggest a specific adsorption ge-
ometry with respect to the substrate, as explained below.

Figure 6 shows the models we proposed for the
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"hex-a" and the "hex-b" phases. It is assumed in these
models that Cqps adsorbed at the three-fold hollow sites
are the most stable. Even though the actual stable ad-
sorption sites are not known from the present STM ob-
servation (for example, it is possible that C¢, molecules
take the top sites), such an assumption does not adverse-
ly affect our conclusion since the assumed three-fold
hollow site plays the same role as the real adsorption
sites. It can be seen in Figure 6 that the C¢y molecules
are adsorbed periodically at the three-fold sites if the
close-packed arrangement of the C¢ layer takes certain
specific orientations with angles within 12.5 + 1.5°
with respect to the <7110> direction, such arrange-
ments resemble the "hex-a" phase. The shaded mole-
cules serve as the boundary of the unit cells. It is
straightforward to understand that for each orientation in
Figure 6, equivalent mirror configurations along the
<112 > axis can be obtained. These reconstructions,
with the close-packed row oriented with angles of
47.5 + 1.5° with respect to the < 110> direction form
the "hex-b" phase. In all these models, the n.n. distance
is less than 1% different from the nominal 10.0 A,
which 1s within the accuracy of the measured values
based on our STM observation.

The observed intramolecular structures of Cgq mole-
cules reflect the local charge distribution of electrons
within the energy width between the Fermi level and the
potential corresponding to the sample bias voltage
(Hashizume er al., 1993; Kawazoe er al., 1993; Wang
et al., 1993). Therefore, precise interpretation of the in-
tramolecular structures in real space requires the simula-
tion of the band structures theoretically, which is not
available presently. However, the observed intramolecu-
lar structures still provide the information on the orienta-
tion ordering due to the high spatial symmetry of Cg
molecules and the substrate. As shown in Figure 3,
which is obtained after annealing, in the
(2V3)x(24/3)R30° phase, for the dim Cq( molecules, the
three-fold features are imaged with almost equal bright-
ness. This indicates that the dim Cg molecules are ad-
sorbed at equivalent positions having the same orienta-
tion. In the "hex-a" and "hex-b" phases, however, even
though most molecules are imaged with clover-like
shape, the orientations of such clover-like shape images
vary even in the same domain; and the relative intensi-
ties of the three leaves are usually not equal to one an-
other. Such features indicate that the orientation of Cgj
molecules is not well-ordered. This is likely due to the
non-equivalent adsorption sites, i.e., the variation in the
bonding configurations for Cg, with the Ag(111) sub-
strate, as illustrated in Figure 6. This is also the reason
why the "hex-a" and "hex-b" phases are not energetical-
ly the most favorable and why they transfer to the
(243)x(2/3)R30° phase upon annealing.
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Figure 5. The STM images showing the intramolecular structure of Cg( in (a, above) the "hex-a" phase (Vb = -0.5
V, It = 30 pA), and (b, on the facing page) "hex-b" phases (Vb = +0.1 V, It = 30 pA).

In the case of the (2/3)x(2/3)R30° phase, each Cy,
molecule is supposed to reside at the equivalent position,
and thus, they should be identical in the STM image.
However, the Cq( molecules are imaged in two kinds of
distinct brightness upon a brief annealing, contradicting
our assumption sharply. We suggest that such image
characteristics are the result of the relaxation of the
stress exerted in the Cg( layer induced by a significant
adsorbate-substrate interaction. Although the n.n. dis-
tance of Cg, in the (2¢/3)x(2/3)R30° phase is almost
exactly the same as the n.n. distance for the fcc bulk
crystal, the charge transfer from the Ag substrate, as ev-
ident by the STM (Altman and Colton, 1993b) and pho-
toemission studies (Chase et al., 1992; Ohno et al.,
1991; Rowe et al., 1992), is likely to induce a repulsive
interaction in the Cg( layer. Such an interaction might
increase the n.n. distance for a monolayer C¢( with re-
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spect to the n.n. distance in non-charged C¢( bulk phase,
as well as the lattice constant for (24/3)x(22/3)R30° re-
construction due to the change of relative strength be-
tween attractive and repulsive molecule-molecule interac-
tions, provided that the interaction with the substrate
could be neglected. However, due to the stronger inter-
action between the Ag(111) substrate and Cg layer, it is
less favorable for the C¢ layer to reconstruct in a way
other than the (2v/3)x(2/3)R30° reconstruction. There-
fore, certain stress must be induced due to the competi-
tion between these interactions if all the Cgy molecules
stay in equivalent positions. To reduce the stress, some
Cgo molecules may change the adsorption geometry
away from their equivalent positions as the intermolecu-
lar interaction is anisotropic (Cheng and Klein, 1993;
Gao er al., 1991; Soper er al., 1992; Sprik er al., 1992).

As we noted earlier, the switching between dim Cg
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and bright Cq( imaging contrast happens very frequent-
ly. We conclude that such a variation in brightness for
the Cqy molecules is related to the orientational varia-
tion, which corresponds to the variation of the charge
distribution, instead of the real height change for the Cg,
molecules. Stress-induced orientational variation is also
frequently observed in the domain boundaries where the
change of the n.n. distance happens, as well as at some
defect sites.

In the (24/3)x(22/3)R30° phase, the rather small bar-
rier for different orientations, as evidenced with the fre-
quent change between dim and bright Cg, molecules,
may originate from the higher order of symmetry and
fitting to the three-fold substrate. In contrast, for "hex-
a" and "hex-b" phases, even though these phases are not
stable energetically, the orientation of each molecule
does not change with time, indicating that the barrier
between various orientations is rather high. This is
likely due to the different and asymmetric adsorption
configurations for Cg, molecules with each other.
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Summary

In conclusion, our STM observations show that the
(2/3)x(2/3)R30° phase is dominant for the first layer
adsorption of C¢ at room temperature, however, several
other phases are also observed to have almost the identi-
cal n.n. distances as that for the (2v/3)x(2/3)R30°
phase, but with several domain orientations. Annealing
the surface at about 300°C results in the desorption of
the Cgps above the first layer and the transition of the
entire first layer to the (2¢/3)x(2v/3)R30° reconstruction
finally, thus indicating that this phase is energetically the
most stable. It is also found that two types of Cgz; mo-
lecular images: dim and bright Cq, imaging contrast, are
observed in the (21/3)x(2v/3)R30° phase after annealing.
These two types of images are mixed in most areas; in
some areas, however, aggregation of the brightly imaged
Cgps are observed. This indicates that, in order to
release the stress in the adsorbed layer, there exist
several adsorption configurations for Cgn in the
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"(2V3)x(2V3)"R11.8°

Figure 6. Schematic of the reconstructions of the C first layer on the Ag(111) surface: (a, above) The domain with
11.8° angle rotation with respect to the < 110> direction; (b, on the facing page) The domain with 13° angle rotation
with respect to the <110> direction. The equivalent mirror configurations of these reconstructions along the <112 >
axis form the "hex-b" phase, with angles 48.2° and 47°, respectively.

(2/3)x(2+/3)R30° phase even though the
(24/3)x(24/3)R30° reconstruction is completely commen-
surate with the Ag(111)1x1 substrate. The intramolecu-
lar structures are also observed for all the phases, reflec-
ting the variation of the adsorption geometry and the ori-
entation of the Cg( molecules.
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Discussion with Reviewers

Z.C. Ying: Would the experimental results be the same
following heating of a C¢ monolayer deposited at room
temperature?

Authors: Most of our results were obtained after an-
nealing the multilayer Cq, film. However, apparent dif-
ference was not observed between annealing multilayer
film and monolayer film after a careful examination.
The reason we usually anneal multilayer film is that we
intend to deposit the amount of Cgq slightly more than
that estimated for one monolayer to ensure that ALL the
surface is covered with Cgy. A modification is done in
the corresponding place of the manuscript to declare this
point.

Z.C. Ying: Is the state of mixed orientations the lowest
energy configuration, a precursor for monolayer desorp-
tion, or a frozen of a high-temperature state? The latter
two possibilities could be ruled out if the effects of an-
nealing temperature and cooling rate are known.
Authors: The latter two possibilities can be ruled out
according to the observation that the orientation of Cg
molecules in the annealed film changes between sequen-
tial images recorded, which were obtained in a time
scale of a few minutes, while the ratio of bright and dim
molecules remained the same during the whole run,
which usually lasted for a few days.

Z.C. Ying: Do the Cqy molecules, as-deposited on
Ag(111) at room temperature, correspond to those in the
bright or dim states of the annealed monolayer?
Authors: It is our suspicion that the bright states after
annealing correspond to those as-deposited on Ag(111)
at room temperature. However, we do not intend to
draw any conclusions since, due to the instrumental lim-
itations, we are unable to keep the scanning area, before
and after annealing, the same. It is interesting to inves-
tigate this issue in siru by using high temperature STM
in future experiments.

R.J. Colton and E.I. Altman: Do shaded molecules
"appear” different on the ratio shaded/unshaded/symme-
try (Fig. 6)?

Authors: The shaded molecules in Figure 6 serve as
boundaries of the unit cells, not the real adsorption sites.
We think that certain adsorption sites, with periodicity
shown 1n Figure 6, as a whole, make those observed re-
constructions stable before annealing. However, we do
not observe the difference in the STM images for those
molecules with different adsorption sites. We believe
this is due to the very small difference in adsorption en-
ergy and height for those sites, as well as the electronic
density of states.
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