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Aperiodic incommensurate phase of a C60 monolayer on Ag„100…

Ching-Ling Hsu and Woei Wu Pai*
Center for Condensed Matter Sciences, National Taiwan University, Taipei, Taiwan, Republic of China

~Received 30 June 2003; published 15 December 2003!

Detailed combined scanning tunneling microscopy and low-energy electron diffraction measurements reveal
that the structure of a C60 monolayer on Ag~100! is not the previously accepted commensuratec(634) phase
but rather an incommensurate~111! close-packed phase. The film exhibits a characteristic molecular contrast
pattern with merely short-range order, and room-temperature fluctuations of the contrast show that a thermal
equilibrium state is reached. The nature of this controversial bright-dim C60 contrast is clarified as a topo-
graphic feature due to C60-induced reconstruction underneath the dim C60 molecules. Due to interactions
between the incommensurate C60 adlayer and the reconstructed substrate, the~111! phase is distorted laterally,
forming a novel ‘‘tetramer’’ configuration of specific contrast order. The spatial distribution of these tetramers
is aperiodic; this has crucial implications for the peculiar short-range contrast order observed experimentally. A
lattice gas model with anisotropic nearest-neighbor interactions and a configuration energy of the tetramer is
developed. Quantitative agreements between observation and modeling are achieved with reasonable phenom-
enological parameters derived within experimental constraints.

DOI: 10.1103/PhysRevB.68.245414 PACS number~s!: 68.43.2h, 68.37.Ef, 05.50.1q
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I. INTRODUCTION

Recently, many studies have focused on the adsorp
and growth of C60 on various surfaces. For C60 adlayers
grown on metal surfaces, understanding the structures
the interactions between C60 and the substrates has attract
much research effort.1–3 It is known that molecular orbitals
of C60 hybridize with the substrates, leading to various bon
ing characteristics4 and different degrees of charge transf
Meanwhile, the intermolecular van der Waals interaction
tains its important role. In spite of substrate symmetry, C60
adlayers still prefer nearly close-packed hexagonal or qu
hexagonal packings, and the nearest-neighbor~NN! C60-C60
distances show slight variations in adjustment to strain. C
sequently, their structures are generally determined by th
competing adsorbate-adosorbate and adsorbate-substra
teractions, as well as influence of molecular packing due
C60-induced substrate reconstruction.5–7 C60 adlayers grown
on metal surfaces also display rich electronic phenome
C60-based fullerides are considered model systems to exp
key conceptual issues in strongly correlated physics,8 and
their possible use in molecular electronics is also activ
explored.

Given their fundamental and practical relevance,
structures and properties of C60-based films are still actively
studied regardless of intense research efforts during the
decade.1,3 In this study, we have chosen a system, i.e.
monolayer C60 on Ag~100!, that has unusual aspects. Fir
these C60 exhibit a distinct;1 – 2 Å bright and dim scanning
tunneling microscopy~STM! contrast arranged with intricat
short-range order, even after sufficient annealing. Seco
the charge transfer from Ag to C60 is so strong (;2 – 3e2

per C60) that the bonding is characterized as predominan
ionic.9 Finally, a temperature-dependent and reversible
opening at the Fermi energy has recently been reporte10

implicating a surface superconductivity. A similar ga
opening transition is not observed for C60 on other Ag faces,
e.g., ~110!.10 This indicates a specificity of the structur
property relationship in this film structure. So far, the co
0163-1829/2003/68~24!/245414~12!/$20.00 68 2454
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trast mechanism remains under debate, and the physica
gins of the peculiar ordering and the gap-opening transit
are basically unknown. These peculiar and unresolved iss
make C60/Ag(100) unique among the many studie
C60/metal systems, hence the importance in understand
the factors underlying these unique behaviors.

Here we report a comprehensive study of t
C60/Ag(100) film structure using STM and low-energy ele
tron diffraction~LEED!. We clarify the nature of the bright
dim contrast and categorize basic ordering patterns. A m
revision on the adsorption structure is reported; the C60 film
forms an incommensurate~111! close-packed hexagona
phase, instead of the previously accepted commensu
c(634) phase.10–12We have also characterized in detail th
in-plane distortion of this C60 film. It shows that there is a
random spatial distribution of a novel distorted configurati
that renders the film aperiodic. The observed incommens
bility is surprising as the adsorbate-substrate interaction
believed to be strong in this system. Finally, we develop
lattice gas model to shed light on the competing interacti
underpinning the observed contrast ordering.

II. EXPERIMENT

Sample preparation and measurements proceeded
homebuilt ultrahigh-vacuum chamber~base pressure;4
310211 torr) housing standard surface analytical tools~Au-
ger, LEED! and a commercial variable-temperature mu
mode scanning probe microscope~Omicron VT-SPM!. Both
STM and beam-deflected-type noncontact13 atomic force mi-
croscopy~AFM! measurements can be conducted with
microscope. A spot-profile analysis low-energy electron d
fractometer~SPA-LEED! and a conventional LEED appara
tus, with transfer widths of;1200 Å and;300 Å, respec-
tively, were used to record LEED patterns. Results obtai
were basically identical except the SPA-LEED achieved
perior momentum resolution (,0.01 Å21).
©2003 The American Physical Society14-1
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The Ag~100! surface was cleaned by repeated cycles
neon sputtering and annealing (;800 K), and its contami-
nation level was checked by Auger spectroscopy and dire
with STM. C60 (.99.95% purity! was deposited from an
electron-beam evaporator with a thoroughly outgased Ta
cible. The pressure was kept under,10210 torr during depo-
sition. Typical substrate temperature during the C60 deposi-
tion was ;460 K and the nominal deposition ra
;0.05– 0.2 ML/min (1 ML (monolayer)5fully covered
C60). Several different deposition conditions were also us
including multilayer growth at room temperature with subs
quent desorption at.500 K and direct deposition of C60 film
onto the Ag~100! held at;700 K.10 Results obtained were
identical and no obvious effect of deposition temperature
the C60 ordering was observed. For the preparation of
ordered C60 film without the C60-induced reconstruction, a
lower substrate temperature 250–260 K and a lower dep
tion rate were used. The sample temperature on the sam
mounted manipulator head was monitored by a calibra
thermocouple, and the temperature on the STM stage
measured by a Si diode mounted on a cooling block in dir
thermal contact with the Ag crystal. The STM observatio
proceeded in the temperature range from 100 to 350 K,
the LEED measurements were conducted at room temp
ture.

III. RESULTS AND DISCUSSION

A. General STM features of a monolayer C60 on Ag„100…

C60 monolayers on Ag~100! have been studied with STM
and scanning tunneling spectroscopy~STS! by several
groups.9–12,14–18Several structural characteristics have be
identified, which are summarized below. As previous
noted, a single-layer C60 film aggregates mainly at ste
edges. Two coexistent orthogonal domains are also seen
flecting the symmetry of an fcc~100! substrate. A distinct
molecular contrast appears in an annealed C60 film. The con-
trast height between the bright-~B-! and dim-~D-! type C60
molecules is approximately 1;2 Å,12,17 as shown in Figs.
1~a! and 1~b!. The contrast height varies slightly dependi
on tunneling conditions. However, it rarely exceeds 2
Therefore, the bright and dim C60 clearly belong to the sam
monolayer. A second layer C60 grown on top of the first looks
much flatter.15 In addition to theB- andD-type C60, a pre-
viously unreported medium~M ! species is also found, a
shown in Fig. 1, inset. The emergence of the bright-dim c
trast is a thermally activated and irreversible process.15,17

Upon annealing, the dim C60 emerge at;280 K while the
remaining bright C60 are unchanged.15

In addition to the characteristicB-D contrast, the C60 film
exhibits rather complicated contrast patterns. The cont
seems to possess merely short-range order, instead of
long-range order. Several basic contrast patterns can be
egorized: see Sec. III D. In a particular domain, the contr
pattern exhibits anisotropy, with~discontinuous! zigzag rows
orienting in one of the two close-packed@110# substrate di-
rections. This pattern is unique among the fullerene/m
systems exhibitingB-D C60 contrasts. The latter include C60
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on Ni~110!,19 Au~110!,6 Pd~110!,7,20 and Al~111!,4 where the
well-annealed films show long-range contrast order. On
other hand, the short-range contrast order of C60/Ag(100) is
not simply associated with metastable states, but persist
ter extensive annealing and therefore cannot easily be re
ciled with surface reconstructions in C60/Ag(100). Offered
explanations include different C60 bonding orientations,16 ro-
tational order and disorder,14 and the onset of charg
transfer17 but confusions remain.

Nevertheless, a converging consensus is that the con
is indeed a topographic feature involving substrate rec
struction. The evidence comes from several perspectives.
example, a low-temperature STM and STS study18 shows
that local spectroscopic characteristics are insensitive to60
molecular orientations andB-D types. Paiet al.15 have ex-
amined the temperature evolution of the C60 contrast and
found that the bright C60 turns into the dim C60 above
;280 K. Based on simulated contrast evolution of

FIG. 1. ~Color online! ~a! A room-temperature C60/Ag(100)
STM image with the bright and dim C60 contrast. Lower left inset
shows the presence of the bright~B!, dim ~D!, and medium~M !
contrast C60 species. The rhombic parallelogramP is a configura-
tion with specific contrast arrangement in which two dim C60 are
paired along@110# and sandwiched by two bright C60 aligned along

@11̄0#. All dim C60 in the P configuration show an intramolecula
nodal feature whereas the other dim C60 appear round and feature
less ~lower right inset!. Image size 12314 nm2, sample bias
21.0 V, and tunneling current 0.8 nA.~b! The profile of C60 mol-
ecules along@110# reveals that the nearest-neighbor distance
tween two dim C60 varies due to the pairing phenomenon. T
shortened C60-C60 distanced15(9.560.2) Å and the lengthened
d25(11.160.2) Å.
4-2
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multilayer C60 film as well as molecular-resolved nonconta
AFM measurements, Paiet al. argued for a topographic na
ture of theB-D contrast. These findings conform to the ge
eral idea that C60 molecules form chemical bonds with met
surfaces and in turn alter the underlying substrate ato
arrangement to increase the C60-metal coordination, with a
sufficient energy gain to overcome substrate reconstruct
These higher-coordinated C60 will appear lower in height in
STM images.

In addition to the topographic vertical corrugation in t
C60 film, we report here new observations of significant l
eral adlayer distortion. The latter phenomenon is due to
incommensurability between the C60 layer and the recon
structed substrate, and furthermore eliminates long-range
der in C60/Ag(100), to be discussed in the next section.
Fig. 1~b!, the depicted profile of several dim C60 molecules
in series along@110# clearly indicates that some C60 have
arranged in pairs. The shortened C60-C60 distanced1 is
(9.560.2) Å and the lengthenedd2 is (11.160.2) Å.
Closer inspection reveals that such C60 pairs always necessi
tate a novel local configuration; it consists of two dim C60
paired along@110# and sandwiched by two bright C60 aligned
along @11̄0#, forming a rhombic tetramer as shown byP in
Fig. 1~a!. Only the dim molecules participating in this uniqu
configuration are displaced laterally. This configuration,
previously reported, plays an important role in stabilizing t
peculiar contrast pattern, as we shall argue in Sec. III F.
also point out that the distribution of the tetramers is rando
The C60 film is thereforeaperiodic, without translational in-
variance. This may have a significant influence on the e
tronic properties of the C60 film. Lattice aperiodicity often
leads to a ‘‘pseudogap’’ with a reduced density of states
the Fermi energy, because the reciprocal space is popu
with numerous Bragg planes instead of a single well-defi
Bragg plane.21 It is therefore possible that the electronic g
opening found in Refs. 10 and 11 relates to this adlayer a
riodicity rather than the onset of superconductivity. In p
ticular, in Ref. 10 the authors have suggested that the
panded C60-C60 lattice constant~i.e., 10.54 Å! in the c(6
34) phase could help the development of surface super
ductivity. As we will show in the next section, the NN
C60-C60 distance, 10.0 Å, is actually the same as that in
bulk C60 crystal. It is fair to say that the correlation betwe
the geometrical and electronic properties of this system
mains unresolved.

B. Incommensurability of C60 on Ag„100…

Previous studies have assigned thec(634) adsorption
structure for the monolayer C60 on Ag~100!. This assignment
requires revision as we shall now discuss. In Fig. 2,
LEED pattern is consistent with two coexistent orthogo
domains of a close-packed~111! C60, but inconsistent with
the previously acceptedc(634) structure. Indeed, all angle
between adjacent~01! spots are measured to be 60° (61°)
instead of the expected 67.4° or 56.3° in the latter. The
tice constant of the C60 layer is calculated from the magn
tude of ~01! beam vectors to be (10.060.3) Å, the same as
the NN distance of two C60 in bulk C60.22 This indicates that
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the van der Waals interaction is crucial in determining t
adsorption structure. This may appear surprising at fi
glance because studies have shown C60 chemisorbs on
Ag~100! with a significant charge transfer;2 – 3e2 per
C60,9,16 implying strong adsorbate-substrate interactions.
fact, an incidental lattice coincidence is the underpinn
cause for the incommensurate phase. If one compares
adsorption sites in thec(634) and~111! phases, one finds
that the NN distances along@11̄0# ~defined as the direction
perpendicular to both the close-packed directions of the s
strate and the adlayer; see Fig. 1! are almost identical, as
6aAg (aAg52.89 Å)'17.33 Å')d (d510.0 Å). In the
@110# direction orthogonal to@11̄0#, however, the average
10-Å C60-C60 separation is close to 2)aAg'7/2aAg . There-

FIG. 2. ~a!–~d! show four SPA-LEED patterns taken at bea
energies 60, 80, 115, and 130 eV, respectively. The two unit vec
q1 and q2 form an angleb;60° (61°) and satisfyuq1u5uq2u
;(0.7260.02) Å21. The LEED patterns are consistent with tw
coexistent 90° orthogonal domains of a close-packed~111! C60 with
a lattice constant of;10.0 Å. Additional multiple-scattering spot
are also observed@see Fig. 4~c!#. ~e! A LEED pattern of;5 ML C60

grown on Ag~100! at room temperature. Beam energy513.4 eV.
Note the absence of the multiple-scattering spots due to the
strate.~f! A LEED pattern of the monolayer C60 after subsequen
desorption of the 5 ML C60 film at .500 K for several minutes.
Beam energy525.0 eV.
4-3
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fore, while the observed~111! phase is incommensurate,
almost matches a higher-order commensurate phase w
(637) unit cell containing four C60. This allows the~111!
phase to optimize its van der Waals interactions withou
severe penalty in energy when a full commensurability
lost. Indeed, we shall argue that a portion of C60 may sit in
(637) unit cells while the rest are packed in a way to co
pensate strain. We shall return to this point in Sec. III D
we discuss one of the basic C60 contrast patterns~i.e., ‘‘hon-
eycomb’’ pattern! in the C60 adlayer. The LEED pattern doe
reflect the average lattice periodicity because the lateral
tortions of the ideal~111! phase do not have spatial long
range order.

We have also confirmed the~111! incommensurate phas
with calibrated STM measurements. Note that thec(634)
phase and~111! phase have nearly identical C60-C60 dis-
tances along@11̄0# and there are two orthogonal C60 do-
mains. One can then use the@11̄0# NN distance in one do-
main as a ‘‘ruler’’ to measure the~unknown! @110# NN
distance in the other. This procedure requires taking a S
micrograph containing a domain boundary. An example
shown in Fig. 3. Here the C60-C60 distance in theA domain
along @11̄0# is taken as 17.32 Å. Using this value as a ca
brated ruler we find that the NN distance along@110# in theB
domain is 10.01 Å, in complete accordance with the LEE
measurements.

One might ponder why the previous experiments10,12,14,17

have not identified the~111! adlayer symmetry correctly. A
possible source of confusion is the many additional spots
to strong multiple scattering in LEED. These additional sp
positions are those~111! spots shifted by the reciprocal la
tice vectors of Ag~100!. An immediate consequence of th
multiple scattering is the presence of repeated spots
rounding all substrate diffraction peaks. This can mistake
implicate a commensurate adlayer. Here we give a full
count of the LEED patterns observed at different beam e
gies. The collection of all LEED spots allows direct compa
sons with the simulated LEED patterns of thec(634) phase
and the close-packed~111! C60 phase. Figures 2~a!–2~d!
show four SPA-LEED patterns taken at 60, 80, 115, and
eV. A composite pattern with all spots from Figs. 2~a!–2~d!
is consistent with Fig. 4~c!. This is to be compared with Fig
4~a!, the c(634) LEED pattern, Fig. 4~b!, the ~111! close-
packed phase without multiple scattering, and Fig. 4~c!, the
~111! close-packed phase with multiple-scattering spots
pattern~c! the original~111! spots are denoted by solid do
and the multiple-scattering spots are denoted by circ
Clearly, the full match between the composite pattern and
simulated pattern~c! justifies our LEED assignment. We no
that different deposition temperatures (.460 K) and proce-
dures result in identical C60 ordering. Figures 2~e! and 2~f!
are the LEED patterns of a multilayer (;5 ML) C60 film and
the monolayer C60 film after subsequent desorption
.500 K,10 respectively. The LEED pattern of Fig. 2~f! also
conforms completely with Fig. 4~c!.

Note that all observed LEED spot positions along@11̄0#
remain unchanged from that of thec(634) phase. As dis-
cussed earlier, the lattice incommensurability can be
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garded as occurring purely in the@110# direction. A sche-
matic diagram of an overlapped close-packed~111! C60 layer
and the Ag~100! lattice is shown in Fig. 5~a! in which a best
possible commensurability between the C60 adlayer and
Ag~100! substrate is assumed. That is, the NN C60 spacing
along@110# is taken as 7/2aAg for simplicity. In this way, the
registry of C60 on the substrate along@110# becomes alter-
nate. If a C60 sits at the bridge site midway between adjace
Ag atoms, the next C60 in the @110# direction would be on a
hollow site @e.g., rowA in Fig. 5~a!#. A row of C60 ~row B!
subsequently stacked on the rowA will adsorb on non-high-
symmetry sites midway between the hollow and bridge si
This unfavorable situation may be remedied by displac
C60 toward preferred binding sites~e.g., hollow sites!. The
physics of such a process is similar to the well-know
Frenkel-Kontorova~FK! model.23 In this paper we will not
pursue a quantitative FK model analysis. We simply po
out that the C60-induced substrate reconstruction should p

FIG. 3. ~Color online! An STM image of a two-domain bound
ary for calibrating the NN C60-C60 distance. Using the C60-C60 dis-

tance 17.32 Å in theA domain along@11̄0# as a calibrated ruler~16

C60-C60 spacing along@11̄0#527.71 nm), the NN distance alon
@110# in the B domain is determined to be;10.01 Å ~33 C60-C60

spacing along@110#533.20 nm). This agrees completely with th
LEED measurements. Image size 29333 nm2, sample bias
21.7 V, and tunneling current 0.8 nA.
4-4
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fer to occur at a specific adsorption site, because diffe
adsorption energy gains are involved. This is mostly perta
ing to an incommensurate phase, as we have observed
or a higher-order commensurate phase due to multiplicity
adsorption sites. From the above argument we provide a
sis on how the adlayer incommensurability may affect
state of interfacial reconstruction. This in turn has implic
tions for the formation and distribution of the bright-di
STM patterns, to be further discussed in Secs. III D and II

FIG. 4. LEED schematics:~a! the c(634) LEED pattern,~b!
the ~111! close-packed phase without multiple scattering, and~c!
the ~111! close- packed phase with multiple-scattering spots shi
by the reciprocal lattice vectors of Ag~100!. The original~111! spots
are denoted by solid dots and the multiple-scattering spots are
noted by circles. The pattern~c! is completely consistent with ou
LEED assignment shown in Fig. 2.
24541
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C. Substrate mass transport and a ‘‘pit’’ reconstruction model

In Sec. III A, we have reviewed the basic STM finding
for a monolayer C60 on Ag~100!. The bright-dim contrast,
often considered as a straightforward signature of a he
variation, is used to infer adsorbate-induced reconstructio
several fullerene films grown on metal surfaces.4,6,7,19,20The
contrast of C60 on Ag~100!, however, remains ambiguous
partly due to the intricate ordering with merely short-ran
order even at thermal equilibrium. Our previous study
veals that all low-temperature deposited C60 are ‘‘bright,’’
but can evolve into the ‘‘dim’’ type upon annealing.15 This
evidence led us to reconsider local surface reconstructio
the origin of theB-D contrast. Any electronic origin is also
rejected by STS performed at 4 K.18 This work affirms no
significant difference in the C60-Ag bonding character be
tween different molecule types.

It is necessary to draw a definite conclusion on the nat
of the B-D contrast as a prerequisite to understand its ord
ing. To further understand the possible coordination a

d

e-

FIG. 5. ~Color online! ~a! A schematic diagram of an overlappe
close-packed~111! C60 layer and the Ag~100! lattice. Approximat-
ing the NN C60 spacing along@110# by 3.5aAg ~10.0 Å'3.46aAg),
the registry of rowA C60 on the substrate along@110# becomes
alternate bridge and hollow sites. The subsequently stacked roB
C60 adsorb on non-high-symmetry sites midway between the hol
and bridge sites.~b!–~e! show the schematics of lattice displac
ments of all four basic contrast patterns. Each arrow indicate
shift of the C60 position by 1/4aAg . Each arrow with a ‘‘32’’ mark
denotes a shift of the C60 position by 2/4aAg .
4-5
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structure of the reconstructed interface, we examine in de
silver substrate mass transport in the formation of a c
trasted C60 layer. This will not only reveal long-range mas
transport accompanying the ‘‘dim’’-type C60, but will also
shed new light on plausible structures of the reconstruc
interface underneath these ‘‘dim’’ C60.

Observation of mass flow requires specific film grow
conditions. Above 380 K, C60 on Ag~100! are highly mobile
and they nucleate preferentially at steps, showing few, if a
evidence of substrate mass transport. When the depos
temperature is lower than 270 K, noB-D contrast, i.e., sur-
face reconstruction, appears. If we prepare the C60 film at
around 350 K (610 K), significant displacement of silve
atoms is observed; new Ag islands may nucleate, espec
on wide terraces. Such islands can rest below the original60
adlayer, forming a peculiar double-layer C60 island structure.
Figure 6 gives an example. There, the raised C60 region
within the C60 island is not a second C60 layer on top of the
latter, because the increase in height turns out to be jus
thickness of a silver monolayer, i.e., 2 Å. Previo

FIG. 6. ~Color online! A double-layer C60 island prepared a
;350 K. The Ag atoms displaced by the dim C60 nucleate under-
neath the original C60 layer and raise the C60 layer by;2 Å. S1 ,
S2 , and SAg denote the areas for the original C60 region, the
‘‘raised’’ C60 region, and the extra bare silver region, respective
Image size 1503150 nm2, sample bias21.0 V, and tunneling cur-
rent 0.8 nA. The inset shows the schematics of a plausible res
turing model underneath each dim C60 ~see text!.
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studies15,17 show that a second layer C60 will not exhibit the
characteristic bright-dim contrast as opposed to what is
served here. Often, additional bare silver layers are forme
the neighboring region. Note that such an ‘‘isolated’’ C60
island as shown in Fig. 6 is mainly found on terraces wid
than;150 nm. The raised C60 regions rarely exist in those
C60 islands aggregated at steps. Clearly, the displaced s
atoms are incorporated directly to the steps in these ca
We believe the observation of such mass flow and
double-layer C60 island structure will not be unique to
C60/Ag(100); it will be a general phenomenon for fulleren
films with adsorbate-induced reconstructions.

Since at low temperature all C60 islands consist only of
the bright C60,15 the mass flow of silver atoms is exclusive
related to the dim C60. The long-range mass transport im
plies that the interfacial reconstruction is not simply a ma
conserved local rearrangement of silver atoms. Instead,
apply mass conservation to those ‘‘isolated’’ islands to e
mate the number of Ag atoms,N, displaced by each dim
C60. Let S1 , S2 , andSAg denote the areas for the C60 region
with original height, the ‘‘higher’’ C60 region, and the extra
bare silver region, respectively, andudim be the average con
centration of dim C60 in S1 andS2 . Then

N'
10.4~S21SAg!

udim~S11S2!
, ~1!

where 10.4 is the approximate number of silver atoms
C60 in the ~111! phase. By calculatingN from 15 isolated
islands, which are at least;50 nm away from any step an
have sizes (S11S2) ranging from ;2000 nm2 to
;16 000 nm,2 we find an averagêN&54.360.5, whereN
has been weighted by the total area ofS1 andS2 .

Since dim and bright C60 can appear as nearest neighbo
the interfacial restructuring accompanied with the dim C60
should be local. A plausible structural model to account
N;5 involves a double-layer square pyramidal pit wi
^111& microfacets. In such a pit, four Ag atoms are remov
from the first layer and one from the second layer, expos
four ^111& microfacets. The center of the pit corresponds
the fourfold hollow adsorption site. A schematic model
shown in the inset of Fig. 6. In addition to being consiste
with the experimental measurements, the proposed struc
is physically sensible. For example, it requires a plausi
hollow adsorption site and has low-energy^111& microfacets.
Such a structure can serve as a starting point for furt
theoretical structural calculations. We also note a dim60
residing in such a microfaceted pit can account for a;1.3 Å
corrugation if a hard sphere C60 diameter of 10 Å is assumed
This compares reasonably with the;1 – 2 Å bright-dim
height variation observed in the experiments.

The measured average^N& is smaller than theN55 of
the proposed pit structure. This difference is ascribed to
medium C60 species~M in Fig. 1 lower left inset! which we
interpret as a C60 residing in a single Ag vacancy (N51).
Because aN51 vacancy necessitates less mass trans
than that of aN55 pit, films grown at lower temperature
should have more ‘‘medium’’-type C60. This is indeed what
we observe. As shown in Fig. 7, C60 films grown at;300 K

.

c-
4-6



ge
s
he
a

o
el
p

e

-

m
d.
nly
nc-
sic

o

her

for

es

rt-

e
re

ri-

he

APERIODIC INCOMMENSURATE PHASE OF A C60 . . . PHYSICAL REVIEW B68, 245414 ~2003!
show various metastable structures with significantly lar
concentrations of the medium C60 species. Furthermore, a
we will show in Sec. III E, the fluctuation rate between t
medium and bright C60 is the fastest. This is conceivable as
structural change betweenN50 and N51 is clearly the
easiest. Both facts support our structural model.

D. Structures and local ordering of C60 contrast patterns

While the C60 themselves take up the~111! close-packed
structure, their bright-dim contrast does not appear to sh
any long-range order. Instead, the film exhibits mer
short-range contrast order in several recognizable basic
terns as shown in Fig. 8: namely,~a! the zigzag structure in
the @11̄0# directionA, ~b! the rectangle structure~B!, ~c! the
honeycomb structure~C!, and~d! the much less frequent lin
structure~D!. The concentrations of the dim C60 in respective
idealized structures areudim51/2, 3/4, 2/3, and 1/2. In gen
eral, a properly annealed film (.420 K) contains all four

FIG. 7. ~Color online! One example of the metastable structur
observed in C60 films grown at;300 K. Here the concentration
ratio of the three different C60 contrasts is close toB:M :D
52:1:2; i.e., the concentration ofM C60 is '20%.

FIG. 8. ~Color online! Four basic contrast patterns of the sho
range contrast order in the C60/Ag(100) films:~a! the zigzag struc-

ture in the@11̄0# direction,~b! the rectangle structure,~c! the hon-
eycomb structure, and~d! the less frequent line structure. Th
concentrations of the dim C60 (udim) in these idealized structures a
udim51/2, 3/4, 2/3, and 1/2 for~a!, ~b!, ~c!, and~d!, respectively.
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coexisting basic patterns, yet it maintains the equilibriu
concentrationudim'2/3. Two issues will now be addresse
First, we demonstrate that the film indeed contains o
short-range order from evaluating the pair correlation fu
tion. Second, we discuss the physical origin of the four ba
contrast patterns.

The pair correlationP(r ) of the bright C60 in a typical
27327 nm2 STM micrograph containing;850 molecules is
calculated.P(r ) is defined as the probability of finding tw
molecules at a distancer in a square region.24 In Fig. 9~a!,
the experimentally observed histogram is plotted toget
with the simulated histogram for bright C60 randomly distrib-
uted on a~111! lattice with an identical bright C60 concen-
tration '0.33. The simulated curve has been corrected
the finite-size effect of a square image.24 The match between
the two histograms, in particular at largerr , proves the ab-
sence of long-range correlation among the bright C60 posi-

FIG. 9. ~Color online! Pair correlationP(r ) of the bright C60 in
a typical 27327 nm2 STM micrograph containing;850 molecules
is calculated.~a! The experimentally observed histogram~dashed
curve! is plotted with the simulated histogram of a random dist
bution ~solid curve! of the bright C60. ~b! The fast Fourier trans-
form ~FFT! spectrum of the differenceDP(r ) between the experi-
ment and simulation curves indicates short-range order atr 51/q
510.2 Å, 17.2 Å, and 24.7 Å. Similar results were obtained for t
distribution of the rhombic tetramers~not shown!.
4-7
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tions, i.e., no long-range order in the contrast pattern.
smaller distances, however, there are deviations indica
some short-range order. This is best demonstrated by the
Fourier transform~FFT! spectrum, as shown in Fig. 9~b!, of
the differenceDP(r ) between the experiment and the sim
lation curves. The FFT spectrum shows three major peak
r 51/q510.2 Å, 17.2 Å, and 24.7 Å. These values corr
spond to the NN C60-C60 distance ~10.0 Å!, the NNN
C60-C60 distance~17.34 Å!, and the diagonal distance of
rectangle pattern unit cell~26.4 Å!. Similar results were ob-
tained for the distribution of the rhombic tetramers.

The structure and ordering of an incommensurate fi
with adsorbate-induced reconstruction is clearly a com
cated issue. Here, we can explain the four basic cont
patterns by considering two factors:~1! C60-induced recon-
struction~i.e., ‘‘pit’’ ! occurs preferentially when C60 occupy
the most preferred registry and~2! dispacements of the in
commensurate C60 positions towards preferred binding site
For the former, in accordance with the ‘‘pit’’ structura
model, the bonding site for a C60 occupying the pit will be
the fourfold hollow site. For the latter, we envisage that
preferred bonding sites should be the sites with higher s
metry, i.e., hollow, bridge, and atop sites. Clearly, both p
cesses described above can gain free energy through b
coordination but they are counteracted by an energy pen
from the C60 lattice distortion. A quantitative analysis o
stable structures from these competing interactions ca
principle be analyzed with the Frenkel-Kontorova mod
Lacking detailed information on the microscopic energy p
rameters, we limit ourselves to a qualitative discussion,
follows. Consider the schematic model shown in Fig. 5~a!
with the NN C60 spacing along@110# taken as 3.5aAg ; we
now ask how this structure may distort itself through t
above two processes to gain energy. Note that C60 in the
type-A rows occupy alternate hollow and bridge sites.
contrast, C60 in the type-B rows occupy non-high-symmet
sites midway between the hollow and bridge sites. The
sorption sites for these type-B row C60 are not favorable.

For simplicity, we treat each individual type-B row as a
1D monoatomic chain. The lattice vibration modes of this
chain, if properly coinciding with the hollow sites, will pref
erentially induce the substrate reconstruction~i.e., become
‘‘dim’’ C 60) and the phonon modes will be ‘‘locked.’’ Within
this physical picture, we find the rectangle pattern can
regarded as an acoustic phonon with a wave vectoruku
5p/^d&, where^d& is the NN C60-C60 distance. The line and
zigzag patterns are both acoustic phonon modes withk50.
The difference between the zigzag and line patterns is
the former, on average, has zero displacement along@110#
whereas the latter does not. The line pattern is therefore
der a shear stress along@110# and is energetically unfavor
able. Indeed, we have found very few line patterns in
experiments. If they were found, they only extend a sh
distance~three or four rows!, unlike the zigzag pattern tha
can extend much farther. Why are these two phonons at
zone center and zone boundary involved? For the acou
mode atk50, energyv50. It is easy to excite this mode
For the acoustic mode atuku5p/^d&, vÞ0, but the group
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velocity yg5dv/dk50. Therefore, it is a standing wave
These account for their involvement.

The idealized line, zigzag, and rectangle patterns will
have an average 3.5aAg NN C60-C60 separation along@110#.
This is slightly larger than the expected average NN dista
3.46aAg of the C60 film. Experimentally, the above three pa
terns mix and interpenetrate. It is possible that the C60 ad-
layer is under local uniaxial tensile strain, depending on
tails of the pattern mixing. The origin of the honeycom
pattern is to compensate this excessive uniaxial tensile s
along@110#. We have measured the NN distance in the ho
eycomb pattern along@110#. It is about 9.7 Å and is therefore
compressed from̂d&510.0 Å by 3%. In Figs. 5~b!–5~e!, we
illustrate the schematics of the lattice displacements of
four basic contrast patterns.

E. Fluctuations of the bright-dim C60 contrast

The ‘‘bright,’’ ‘‘medium,’’ and ‘‘dim’’ contrasts are not
static as previously claimed in Ref. 17. They fluctuate do
to ;270 K, where the bright-to-dim C60 transformation also
starts to occur.15 An important question is to understan
whether these fluctuations are equilibrium thermal fluct
tions. Furthermore, is there temporal or spatial correlatio
Finally, one wishes to know the microscopic mechanis
underlying the fluctuations. Our studies provide answers
the first two questions. The last remains elusive though
can surmise some tendencies in the mass transport.

The statistics of the C60 contrast fluctuations have bee
analyzed in detail. We find~1! at room temperature an
above, the fluctuations are equilibrium thermal fluctuatio
satisfying detailed microscopic balance,~2! fluctuation prob-
abilities show the medium and bright C60 are quite ‘‘similar,’’
and ~3! fluctuations are uncorrelated in time and satisfy t
Poisson statistics, but they are often spatially correlated.
ures 10~a! and 10~b! show two room-temperature STM im
ages taken at the same area and 90 s apart. Figure 10~c!, a
composite image in which the height in Fig. 10~b! is sub-
tracted from that in Fig. 10~a!, allows us to identify unam-
biguously various fluctuation events. For example, in F
10~c! the arrowA signifies a fluctuation event of a bright C60
in ~a! switching to a dim C60 in ~b! and the arrowB points to
a fluctuation event of a medium C60 switching to bright.
Statistics over 64 images~total time 92 min! placed the con-
centrations of theB, D, andM species at 31.9%, 66.5%, an
1.6%, respectively. The fluctuation rates among them
tabulated in Table I. From the ‘‘total event counts’’ in Table
it is clear that microscopic detailed balance is satisfied wit
statistical errors. This immediately establishes that the p
pared film is indeed in a state of thermal equilibrium. It al
shows that the bright and medium C60 are similar to each
other, whereas the bright-dim or medium-dim C60 are not.
The fluctuation probability for the medium to dim C60 event
~1.63%! is much smaller than that for the medium to brig
C60 event~63.2%! and is similar to that of the bright to dim
C60 event~1.61%!. As we have discussed earlier, this can
understood in light of a single vacancy formation (N51)
being more frequent and easier than the formation o
square pyramidal pit (N55).
4-8



el

m
e

ch
en
ti

.,
e
o

is
s i
to

th
ts
o
n
t

cu
h

in
ow
rast
rsy
a
m-
li-
d
y

e-
ns
ac-

s-
en

en-
ruc-
tine
the
this

e re-

e
ilar
ur-
nd,

c-
o-

ies
gy
gy
fore
ee,
tri-
of

dis-
he
s-

th

APERIODIC INCOMMENSURATE PHASE OF A C60 . . . PHYSICAL REVIEW B68, 245414 ~2003!
One can investigate whether there is a temporal corr
tion between the fluctuation events. In Fig. 10~d!, histograms
of the number of fluctuation events in consecutive STM i
ages are plotted. It shows that the switchings between thD
and B ~as well as others, not shown! satisfy the Poisson
distribution. There is no temporal correlation and the swit
ing probability scales linearly with the time lapse betwe
two observations. On the contrary, there is a strong spa
correlation. Specifically,B→D andD→B events often occur
in the vicinity, and so doM→D and vice versa@e.g., circleC
in Fig. 10~c!#. For other types of switching events, e.g
M↔B, no such spatial correlation exists. This may sh
some light on the microscopic origin of the mass transp
involved in these fluctuations. For aB C60 to become aD
C60, five Ag atoms have to be displaced to form a pit. This
clearly an energetically costly and kinetically slow proces
all Ag atoms are moved far away. It is much more likely
occur where there are nearby Ag atom ‘‘sinks,’’ i.e.,D C60
with the reconstructed pits. For fluctuations between
bright and medium C60, no such spatial correlation exis
because only one Ag atom is involved in the mass transp

The fluctuations display strong temperature depende
as expected. They have been observed from 280 K, when
B-D contrast starts to appear, up to 400 K, when they oc
so fast that tracing individual events becomes difficult. T
four basic bright-dim patterns persist, however.

FIG. 10. ~Color online! ~a!, ~b! Two room-temperature STM
images taken at 0 and 90 s of the same area.~c! A composite image
by subtracting the height of~b! from that of~a!. The arrowA points
to a fluctuation event of a bright C60 in ~a! switching to a dim C60 in
~b!, and the arrowB points to a fluctuation event of a medium C60

in ~a! switching to a bright C60 in ~b!. The circleC shows a paired
event of bright-to-dim and dim-to-bright contrast exchange.~d! His-
tograms of each type of fluctuation events in unit time~e.g., be-
tween consecutive STM images! satisfy the Poisson distribution.

TABLE I. Statistics for the contrast fluctuation rates between
B-, D-, andM -type C60.

Switching
event D→M M →D D→B B→D M→B B→M

Total event
counts

23 28 555 565 1081 1030

Probability ~%! 0.031 1.63 0.76 1.61 63.2 2.95
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F. Understanding the peculiar C60 contrast ordering: A
lattice gas model

While in Sec. III D we have discussed the physical orig
of the four basic contrast patterns, it remains unclear h
these patterns intertwine, leading to the observed cont
pattern. It is this intricate pattern that causes the controve
on the origin of the bright-dim contrast. Here we employ
lattice gas described with a minimum set of energy para
eters to model the physical interactions in this very comp
cated system. A C60 film prepared at low temperature an
consisting solely of the bright C60 is taken as the zero-energ
reference state. Upon annealing, some bright C60 sites
change to ‘‘dim C60-Ag pit’’ sites ~called simply ‘‘C60 pit’’
thereafter!. Second, the rhombic tetramers stabilizing sp
cific contrast order form. Three new competing interactio
now come into existence. They are the pairwise NN inter
tions between the C60 pits (E1 andE2 , E1 denotes the NN
interaction along@110# andE2 for that in the directions 60°
off @110#!, the formation energy of the C60 pit (Ed), and the
configuration energy of the tetramers (Ec). The lattice gas
Hamiltonian can then be expressed as

H5Ei j (
i , j

ninj1Ed(
i

ni1 (
con f

Ec , ~2!

whereEi j is E1 or E2 , ni50 for the bright C60, andni51
for the dim C60. We are neglecting variations in the C60-C60
interactions due to vertical C60 displacements, as well as po
sible changes inE1 due to a nonuniform separation betwe
the C60 pits along@110#.

Several aspects of the model should be noted here. G
erally, the energy for adsobate-induced surface reconst
tion is separated into the energy of reconstructing the pris
surface and the difference of chemisorption energy on
reconstructed and unreconstructed surfaces. However,
approach is inconvenient because the state of substrat
construction is not knowna priori. It is tempting to group
the reconstruction energy by local on-site terms~i.e., forma-
tion energy! and by pairwise cross-site terms~i.e., NN inter-
actions, etc.! in the framework of a lattice gas model. Th
success of this approach would have ramifications for sim
models in describing ordering and phase transitions in s
face films with adsorbate-induced reconstructions. Seco
we note that in our model an occupied site refers to a C60-pit
complex rather than simply a C60 molecule. ForE1 andE2 ,
the pairwise NN terms actually describe effective intera
tions between the C60-pit complexes encompassing interm
lecular, molecule-substrate,and substrate-substrate~i.e., pit-
pit! interactions. It is unusual to employ a lattice gas spec
of this complexity. Finally, the tetramer configuration ener
is the key ingredient in our model. This configuration ener
demands a specific contrast order permutation and there
goes beyond a direct four-body interaction. As we shall s
the key to understand the complicated ordering is the dis
bution of these rhombic tetramers. It allows coexistence
several structures with short-range order but its aperiodic
tribution destroys long-range order. We will discuss t
physical origin of the configuration energy gain before clo
ing this section.

e
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Several constraints for the parametersE1 , E2 , Ed , and
Ec can be established from the experimental data and
described here separately.~i! As shown in Fig. 8~a!, the C60
film exhibits a combination of mostly rectangle, honeycom
and zigzag patterns with different degrees of mixing. T
line pattern, less frequently observed, may be neglected h
It is easy to show that the energies per unit area for
idealized honeycomb pattern (Ehoneycomb,udim52/3), the
rectangle pattern (Erectangle,udim53/4), and the zigzag patter
(Ezigzag,udim51/2) are (1/3Ec11/3E112/3E2), (1/4Ec
11/2E11E2), and (1/2E2) respectively. The reasonable a
sumption thatEhoneycom5(2/3Erectangle11/3Ezigzag), with udim
constant, leads toE25Ec . More accurately, since the hon
eycomb pattern appears more frequently after annealingEc
should be slightly more negative thanE2 . ~ii ! Ec andEd are
negative.~iii ! Fluctuations of the C60 contrast lead to change
of local C60 contrast configurations, and the energy chan
in such events can be written in terms of the propo
Hamiltonian. Figure 11 shows an example. We focus on
fluctuation of a single C60 at A changing from bright to dim.
In Fig. 11~a!, the interaction energy involvingA site is zero
because the molecule is a bright C60. In Fig. 11~b!, the in-
teraction energy now becomesEc12E112E21Ed . Since
we have demonstrated equilibrium thermal fluctuations
room temperature, the enthalpy change of the above fluc
tion event (DH) satisfiesDH;6kBT, wherekB is the Bolt-
zmann constant. In experiments, the prevalent energy ch
is Ec12E112E21Ed , with only a few having an energy
change of 2E113E21Ed . Interestingly, in terms of thes
energy changes in fluctuations, there appears no differe
between the bright- and medium-type C60. This is consistent
with our previous discussion on the contrast fluctuation ra
and justifies our using only the bright and dim species in
lattice gas model. To recapitulate,DH5(2E112E21Ec
1Ed);6kBT. ~iv! A range ofE1 can be obtained by con
sidering adding the dim C60 to the idealized zigzag structure
It is easily shown that incorporation of each dim C60 will
cause an energy change of (2E112E21Ed), (2E113E2
2Ec1Ed), (2E113E21Ed), (2E114E22Ec1Ed),
(2E114E222Ec1Ed), or (2E114E21Ed). Since E2
'Ec and Ec,0, this energy change is at least (2E112E2
1Ed) and at most (2E114E21Ed). If (2E112E21Ed) is
always less than zero, then the system equilibrates atudim
51. If (2E114E21Ed) is always greater than zero, then th
system equilibrates atudim51/2. Since the observedudim is

FIG. 11. ~Color online! The prevalent equilibrium thermal fluc
tuation events of a single C60 contrast reversal involve an energ
change ofDH5(2E112E21Ec1Ed). In ~a!, the interaction en-
ergy involving theA site is zero. The interaction energy becom
2E112E21Ec1Ed in ~b!.
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;2/3, a necessary condition for the range ofE1 is (2E2
21/2Ed),E1,(22E221/2Ed). Therefore, four constraints
are established:~a! E2;Ec , with Ec slightly more negative;
~b! Ec,0, Ed,0; ~c! (2E112E21Ec1Ed);6kBT; ~d!
(2E221/2Ed),E1,(22E221/2Ed).

A periodic boundary condition and the traditional M
tropolis algorithm were adopted in our Monte Carlo~MC!
simulation. The system was thermalized by flipping the co
trast of a randomly selected C60 or switching the contrast o
a NN bright-dim C60 pair. For a 36354 lattice,;5000 suc-
cessful steps sufficed for the attainment of equilibrium fro
an initial condition ofudim50 or other initial configurations.
With the above four constraints, parameters could not
varied at will. To match the equilibrium concentrationudim
;2/3, trials and errors led toE151.5, E2521, Ec521.1,
Ed50, andkBT50.025 (T'295 K, kBT'25 meV). Figure
12 shows a snapshot of a C60 lattice at the 104th MC step
using the above parameters. We were able to reproduc
local contrast patterns and the concentration of the tetra
configuration'(1762)%. Furthermore, we calculated th
pair-correlation functionP(r ) from the MC snapshot image
An analysis identical to that of Fig. 9 was conducted and F
13 gives the results. The FFT spectrum shows the three
ferred C60-C60 distances atr 51/q510.0 Å, 17.7 Å, and
24.7 Å, consistent with the experimental findings~Fig. 9!.
However, the relative intensity of the FFT spectrum from t
MC snapshot indicates thatP(r ) at ;10.0 Å is overesti-
mated andP(r ) at ;24.7 Å is underestimated. In the MC
simulation, the occurrence of the zigzag feature is more
quent whereas the occurrence of the rectangle pattern is
frequent. Nonetheless, the basic features of the pair corr
tion function are well reproduced.

Note that the parameterEd50 used in Fig. 12 is set for
simplicity. From the conditions~c! and ~d!, a parameter se
(E1 ,E2 ,Ec ,Ed ,kBT)5(1.51m,21,21.1,22m,0.025),
with m.0, will reproduce similar simulation results. An in
crease inE1 introduces stronger repulsion between some N
dim C60 pairs, and a constant equilibrium concentrationudim
is maintained asEd becomes more negative. Further simu
tions also demonstrate that the chosenE1 ,E2 ,Ec ,Ed are
quite unique as they can only vary by;kBT to keep accept-
able results.

If the Hamiltonian does not contain the tetramer config

FIG. 12. A MC simulation snapshot of a C60 lattice at the 104th
MC step. All the local contrast patterns~circlesA–D!, the equilib-
rium dim C60 concentrationudim;0.65, and the number concentra
tion of the tetramer configuration;(1762)% are successfully re
produced.
4-10
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APERIODIC INCOMMENSURATE PHASE OF A C60 . . . PHYSICAL REVIEW B68, 245414 ~2003!
ration energy termEc , the simulations cannot reproduce o
experimental findings with the above said parameter c
straints. Often, extended line patterns are seen, as oppos
our observation, or the tetramer configuration concentra
becomes significantly lower~e.g., by 50%!. Thus, the distri-
bution of the rhombic tetramers is indeed the key to und
standing the complicated contrast ordering. It results
short-range order but its aperiodicity destroys long-range
der. While a full account of the stability of the tetramer co
figuration requires full-scale first-principle calculation
some heuristic arguments are provided below. First, we n
that the separation of the microfaceted pits underneath
NN dim C60 must be integer multiples ofaAg , e.g., 3aAg or
4aAg , whereas the average C60-C60 distance along@110# is
3.46aAg . In a tetramer, the separation between the pits
derneath the two dim C60 is the shorter one, i.e., 3aAg , and a
gain of interaction energy between the pits is possibl25

There can be no such energy gain in a commensurate ph
Second, with the help of Fig. 5~a! and in view of the 3aAg pit
separation between the dim C60 in a tetramer, we see that th
other two bright C60 would have to sit at midway~bridge!
positions (3/2aAg) along @110#. Presumably, this bridge ad

FIG. 13. ~Color online! ~a! The pair correlation functionP(r )
calculated from the MC snapshot image.~b! The FFT spectrum of
DP(r ) between the MC experiment and simulation curves sho
the three preferred C60-C60 distances at 10.0 Å, 17.7 Å, and 24.7 Å
consistent with the experimental findings shown in Fig. 9.
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sorption site is less favorable for the C60-induced substrate
reconstruction and it explains the specific contrast order
tetramer. We also note that only the paired dim C60 ~Fig. 1,
lower right inset! exhibit an intramolecular unidirectiona
nodal feature. These dim C60 are thus not rotating and th
van der Waals interactions between the two paired C60 de-
pend on their orientations. If one sums over the C-C inter
tions ~without considering any substrate effect! for all pos-
sible unidirectional orientations for such a C60 pair,26 a
variation in the van der Waals~vdW! energy of;150 meV
per pair atd159.5 Å is possible. However, as shown in Fi
14~a!, the most favorable orientation is not reproduced e
perimentally. Optimal vdW interactions generally require t
two neighboring C60 to have adjacent hexagon or pentag
faces, especially at small C60-C60 separations. The experi
mentally observed orientation, as depicted in Fig. 14~b!, in-
dicates that the two C60 face each other with opposite 6-
bonds18 ~a 6-6 bond is the bond between two neighbori

s

FIG. 14. ~Color online! ~a! The top-view structure of a C60 pair
deduced from optimizing the vdW interaction at a C60-C60 distance
of 9.5 Å. ~b! The top-view schematics of the observed orientat
for the paired C60. Nodal lines are indicated.~c! The top-view
schematics of a 66/66 C60 dimer with the@212# cycloadditional
four-member ring oriented parallel to the substrate plane. Simila
between~b! and ~c! is noted.
4-11
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CHING-LING HSU AND WOEI WU PAI PHYSICAL REVIEW B68, 245414 ~2003!
hexagons!. It is tempting to suggest that the paired C60 is a
66/66 C60 dimer with the @212# cycloadditional four-
member ring27 oriented parallel to the surface plane. This
supported by the 9.3 Å separation and the matching no
feature of a properly oriented 66/66 dimer18,27 illustrated in
Fig. 14~c!. The driving force for the formation of suc
dimers can be related to the short pit-pit distance (3aAg
'8.67 Å) underneath that exerts a strong compressive s
on the C60 pair, leading to a pressured-induced C60
dimerization.28 This dimer dissociates when the pit- pit di
tance underneath increases, e.g., to 4aAg'11.56 Å, and
pulls the dimer apart. The energy gain from the vdW pai
C60 to a 66/66 dimer is about 0.45 eV per@212#
cycloadduct.27,28 This is not far from theEc'1 eV used in
the lattice gas model.Ab initio calculations to clarify this
provocative proposition are underway.

IV. CONCLUSION

We have presented a detailed STM study to clarify
adlayer structure of monolayers C60 grown on Ag~100!. The
topographic nature of the bright-dim contrast induced by
cal substrate restructuring underneath the dim C60 is reaf-
firmed. The mass flow measurements, though indirect, al
us to infer a plausible structural model for the C60-induced
substrate reconstruction as a pyramidal ‘‘pit’’ with^111& mi-
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