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Aperiodic incommensurate phase of a g, monolayer on Ag(100
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Detailed combined scanning tunneling microscopy and low-energy electron diffraction measurements reveal
that the structure of adg monolayer on A¢L00) is not the previously accepted commensu@x 4) phase
but rather an incommensurat&ll) 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-dignc@ntrast is clarified as a topo-
graphic feature due to gginduced reconstruction underneath the ding, @olecules. Due to interactions
between the incommensuratg,@dlayer and the reconstructed substrate(1i8) 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 nuniber68.43—h, 68.37.Ef, 05.50:q

[. INTRODUCTION trast mechanism remains under debate, and the physical ori-
gins of the peculiar ordering and the gap-opening transition
Recently, many studies have focused on the adsorptioare basically unknown. These peculiar and unresolved issues
and growth of Gy on various surfaces. Forggadlayers make Ggy/Ag(100) unique among the many studied
grown on metal surfaces, understanding the structures and,,/metal systems, hence the importance in understanding
the interactions betweenggand the substrates has attractedihe factors underlying these unique behaviors.
much research effoft.? It is known that molecular orbitals Here we report a comprehensive study of the

pf Ceo hybridi;e _With the §ubstrates, leading to various bo”dCGOIAg(loo) film structure using STM and low-energy elec-
ing chargcterlstl_cf‘sand different degrees of chgrge tra_nsfer.tron diffraction (LEED). We clarify the nature of the bright-
Meanwhile, the intermolecular van der Waals interaction reyim contrast and categorize basic ordering patterns. A major

tains its important role. In spite of substrate symmetry, C revision on the adsorption structure is reported: thgfim
adlayers still prefer nearly close-packed hexagonal or quask s an incommensuratél1]) close-packed hexagonal

hexagonal packings, and the nearest-neigtitit) Ceo-Coo phase, instead of the previously accepted commensurate

distances show slight variations in adjustment to strain. Con* 0-12 . : :
sequently, their structures are generally determined by thesce(6><4) phase.”"**We have also characterized in detail the

competing adsorbate-adosorbate and adsorbate-substrate iy plane d'St(_)rt'O_n O_f th_'s 6o film. It shqws that thefe 'S &
teractions, as well as influence of molecular packing due tgandom spatial distribution of a novel distorted configuration

Cecrinduced substrate reconstructfr.Ce, adlayers grown that renders the film aperiodic. The observed incommensura-
on metal surfaces also display rich electronic phenomené?'“t.y is surprising as t.he gdsorbate—su_bstrate interaction is
Ceo-based fullerides are considered model systems to explof@elieved to be strong in this system. Finally, we develop a
key conceptual issues in strongly correlated phy3iesd lattice gas model to shed light on the competing interactions
their possible use in molecular electronics is also activelynderpinning the observed contrast ordering.

explored.
Given their fundamental and practical relevance, the
structures and properties ofgbased films are still actively Il. EXPERIMENT

studied regardless of intense research efforts during the past . )
decadé-® In this study, we have chosen a system, i.e., a Sample prepgratlon and measurements proceeded in a
monolayer G, on Ag(100), that has unusual aspects. First, "omebuilt ultrahigh-vacuum chambgbase pressure-4
these G, exhibit a distinct~1—2 A bright and dim scanning 10" ** torr) housing standard surface analytical to@s-
tunneling microscopySTM) contrast arranged with intricate ger, LEED and a commercial variable-temperature multi-
short-range order, even after sufficient annealing. Secondnode scanning probe microscof@micron VT-SPM. Both

the charge transfer from Ag toggis so strong ¢2—-3e” STM and beam-deflected-type noncontdatomic force mi-

per G that the bonding is characterized as predominantlycroscopy(AFM) measurements can be conducted with the
ionic.? Finally, a temperature-dependent and reversible gapicroscope. A spot-profile analysis low-energy electron dif-
opening at the Fermi energy has recently been repdfted,fractometerSPA-LEED and a conventional LEED appara-
implicating a surface superconductivity. A similar gap- tus, with transfer widths of- 1200 A and~300 A, respec-
opening transition is not observed fogd®n other Ag faces, tively, were used to record LEED patterns. Results obtained
e.g., (110.1° This indicates a specificity of the structure- were basically identical except the SPA-LEED achieved su-
property relationship in this film structure. So far, the con-perior momentum resolution<(0.01 A~1).
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The Ag100) surface was cleaned by repeated cycles of a)
neon sputtering and annealing-800 K), and its contami-
nation level was checked by Auger spectroscopy and directly
with STM. Gy (>99.95% purity was deposited from an
electron-beam evaporator with a thoroughly outgased Ta cru-
cible. The pressure was kept unde0™° torr during depo-
sition. Typical substrate temperature during thg Geposi-
tion was ~460K and the nominal deposition rate
~0.05-0.2 ML/min (1 ML (monolayerfully covered
Cso)- Several different deposition conditions were also used,
including multilayer growth at room temperature with subse-
guent desorption at 500 K and direct deposition ofgfilm
onto the Ag100 held at~ 700 K.1° Results obtained were
identical and no obvious effect of deposition temperature on
the G ordering was observed. For the preparation of an
ordered G film without the Gginduced reconstruction, a
lower substrate temperature 250-260 K and a lower deposi-
tion rate were used. The sample temperature on the sample-

mounted manipulator head was monitored by a calibrated b) %4 d ) dy | dy ~
thermocouple, and the temperature on the STM stage was > V\ /\ i e \ / \
measured by a Si diode mounted on a cooling block in direct g 020 | L N A A
thermal contact with the Ag crystal. The STM observations S o0y v/Y \/m\ / Y v
proceeded in the temperature range from 100 to 350 K, and 0.00

the LEED measurements were conducted at room tempera-  -0.10

ture. 0 2 4 6 8 10 12

FIG. 1. (Color onling (a) A room-temperature £5/Ag(100)
IIl. RESULTS AND DISCUSSION STM image with the bright and dim g contrast. Lower left inset

A. General STM features of a monolayer G, on Ag(100) shows the presence of the brigl8), dim (D), and medium(M)
. . contrast G, species. The rhombic parallelogrdenis a configura-
Cgo monolayers on AGLO0) have been studied with STM {jo with specific contrast arrangement in which two dirg, @re

and Sgélnznllf—%s tunneling spectroscoijTS_ by several  pajred alond110] and sandwiched by two brightgaligned along
,GVOUP_S- o Several Strucwrf”“ characteristics haVFj' beerIlTO]. All dim Cg in the P configuration show an intramolecular
identified, which are summarized below. As previously noqq) feature whereas the other ding, @ppear round and feature-
noted, a single-layer 4 film aggregates mainly at step |ess (lower right insel. Image size 1214 nn?, sample bias
edges. Two coexistent orthogonal domains are also seen, re-1 g v, and tunneling current 0.8 nAb) The profile of G, mol-
flecting the symmetry of an fc€100 substrate. A distinct ecules along110] reveals that the nearest-neighbor distance be-
molecular contrast appears in an annealggifitn. The con-  tween two dim G, varies due to the pairing phenomenon. The
trast height between the brigh-) and dim-(D-) type Gy shortened Gy Cq, distanced;=(9.5+0.2) A and the lengthened
molecules is approximately~12 A2 as shown in Figs. d,=(11.1+0.2) A.

1(a) and ib). The contrast height varies slightly depending

on tunneling conditions. However, it rarely exceeds 2 A.on Ni(110),'° Au(110),° Pd110),"?° and A111),* where the
Therefore, the bright and dimggclearly belong to the same well-annealed films show long-range contrast order. On the
monolayer. A second layergggrown on top of the first looks other hand, the short-range contrast order gff &g(100) is
much flattett® In addition to theB- and D-type G, a pre-  not simply associated with metastable states, but persists af-
viously unreported mediuntM) species is also found, as ter extensive annealing and therefore cannot easily be recon-
shown in Fig. 1, inset. The emergence of the bright-dim con<€iled with surface reconstructions ing§ZAg(100). Offered
trast is a thermally activated and irreversible procégé. explanations include differentggbonding orientation&® ro-
Upon annealing, the dim & emerge at~280 K while the tational order and disordét, and the onset of charge
remaining bright G, are unchangetf. transfet’ but confusions remain.

In addition to the characteristB-D contrast, the g, film Nevertheless, a converging consensus is that the contrast
exhibits rather complicated contrast patterns. The contrass indeed a topographic feature involving substrate recon-
seems to possess merely short-range order, instead of amtruction. The evidence comes from several perspectives. For
long-range order. Several basic contrast patterns can be catxample, a low-temperature STM and STS stidshows
egorized: see Sec. IlID. In a particular domain, the contrasthat local spectroscopic characteristics are insensitiveggo C
pattern exhibits anisotropy, witldiscontinuouszigzag rows — molecular orientations anB-D types. Paiet al® have ex-
orienting in one of the two close-packgtll 0] substrate di- amined the temperature evolution of thg,&ontrast and
rections. This pattern is unique among the fullerene/metafound that the bright g turns into the dim g, above
systems exhibitind-D Cgq contrasts. The latter includege ~280 K. Based on simulated contrast evolution of a
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multilayer Gy, film as well as molecular-resolved noncontact 2
AFM measurements, Peai al. argued for a topographic na- ;
ture of theB-D contrast. These findings conform to the gen-
eral idea that g, molecules form chemical bonds with metal
surfaces and in turn alter the underlying substrate atomic
arrangement to increase thgg@netal coordination, with a
sufficient energy gain to overcome substrate reconstruction.
These higher-coordinateds@will appear lower in height in
STM images.

In addition to the topographic vertical corrugation in the
Ceo film, we report here new observations of significant lat-
eral adlayer distortion. The latter phenomenon is due to an
incommensurability between theg{layer and the recon-
structed substrate, and furthermore eliminates long-range or-
der in Go/Ag(100), to be discussed in the next section. In
Fig. 1(b), the depicted profile of several dimgg&molecules
in series alond110] clearly indicates that somegghave
arranged in pairs. The shortenedCg, distanced; is
(9.5-0.2) A and the lengthenedi, is (11.1+0.2) A.
Closer inspection reveals that suck,@airs always necessi-
tate a novel local configuration; it consists of two ding,C
paired alond110] and sandwiched by two brightsgaligned OB

along[110], forming a rhombic tetramer as shown Byin

Fig. 1(a). Only the dim molecules participating in this unique
configuration are displaced laterally. This configuration, not
previously reported, plays an important role in stabilizing the
peculiar contrast pattern, as we shall argue in Sec. IllF. We
also point out that the distribution of the tetramers is random.
The G film is thereforeaperiodic without translational in-
variance. This may have a significant influence on the elec-
tronic properties of the £ film. Lattice aperiodicity often E=13.4 eV E=25.0 eV

leads to a “pseudogap” with a reduced density of states at

the Fermi energy, because the reciprocal space is populated FIG. 2. (8—(d) show four SPA-LEED patterns taken at beam
with numerous Bragg planes instead of a single well-definegnergies 60, 80, 115, and 130 eV, respectively. The two unit vectors
Bragg plané! It is therefore possible that the electronic gap9: and dz form an anglep~60° (+1°) and satisfy|qs|=|da)|
opening found in Refs. 10 and 11 relates to this adlayer ape- (0-72+0.02) A™". The LEED patters are consistent with two
riodicity rather than the onset of superconductivity. In par_coem_stent 90° orthogonal domam_s_ ofaclosg-padli&d) C.Gow'th
ticular, in Ref. 10 the authors have suggested that the Y lattice constant of~1(_).0 A. Additional multiple-scattering spots
panded Gy Cq, lattice constanti.e., 10.54 A in the c(6 are also observedee Fig. 4c)]. (e) ALEED pattern of~5 ML Cg

rown on Ad100 at room temperature. Beam energy3.4 eV.
X4). p_hase could h?'p the dgvelopment of sur_face SUPETCOIfioie the absence of the multiple-scattering spots due to the sub-
ductivity. As we will show in the next section, the NN

) A ' strate.(f) A LEED pattern of the monolayer ¢ after subsequent
Ceo-Ceo distance, 10.0 A, is actually the same as that in gyesorption of the 5 ML g, film at >500 K for several minutes.
bulk Cgo crystal. It is fair to say that the correlation between geam energy 25.0 ev.

the geometrical and electronic properties of this system re-

o) il

mains unresolved. the van der Waals interaction is crucial in determining the
adsorption structure. This may appear surprising at first
B. Incommensurability of Cg, on Ag(100) glance because studies have showg, Chemisorbs on
Previous studies have assigned t@®Xx4) adsorption Ag(lg%%)_wﬂh a significant charge transfer2-3e™ per

structure for the monolayerggon Ag(100). This assignment 60 mplying strong adsorba'te-subs'Frate interactio.ns.' In
requires revision as we shall now discuss. In Fig. 2 thdact, an incidental lattice coincidence is the underpinning

LEED pattern is consistent with two coexistent orthogonalC2Use for the incommensurate phase. If one compares the
domains of a close-packgd1l) Cq, but inconsistent with adsorption sites in the(6><4)_and(111) phases, one finds
the previously accepter{6x 4) structure. Indeed, all angles that the NN distances alorid 10] (defined as the direction
between adjacerDl) spots are measured to be 60 1°) perpendicular to both the close-packed directions of the sub-
instead of the expected 67.4° or 56.3° in the latter. The latstrate and the adlayer; see Fig. dre almost identical, as
tice constant of the g layer is calculated from the magni- 6@ag (8ag=2.89 A)~17.33 A~v3d (d=10.0A). In the
tude of(01) beam vectors to be (10:0.3) A, the same as [110] direction orthogonal tg110], however, the average
the NN distance of two g in bulk Cgo.? This indicates that  10-A Cyy-Cgo Separation is close tov3aag~7/2a,,. There-
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fore, while the observedl1l) phase is incommensurate, it
almost matches a higher-order commensurate phase with a
(6X7) unit cell containing four g. This allows the(111)
phase to optimize its van der Waals interactions without a
severe penalty in energy when a full commensurability is [110] [
lost. Indeed, we shall argue that a portion gf @ay sit in
(6X7) unit cells while the rest are packed in a way to com-
pensate strain. We shall return to this point in Sec. llID as i 03
we discuss one of the basigdTontrast patterné.e., “hon- Te ..'.:-.' '; o e
eycomb” pattern in the Gy adlayer. The LEED pattern does = .
reflect the average lattice periodicity because the lateral dis-
tortions of the ideal111) phase do not have spatial long-
range order.

We have also confirmed thd11) incommensurate phase
with calibrated STM measurements. Note that t{éx 4) P
phase and111) phase have nearly identicalg$Cq dis- asssass, 8

tances along110] and there are two orthogonalg£Cdo- : PN Domain 8 (RIS

mains. One can then use th£10] NN distance in one do- o o s086 s '::'ﬂ» o*s
main as a “ruler” to measure théunknown [110] NN : : - - - - - -
distance in the other. This procedure requires taking a STM 104 B 83 C,, along [110] = 33.20 nm B’
micrograph containing a domain boundary. An example is h N ‘w\ I f\ | T (f I
shown in Fig. 3. Here the gz Cg, distance in théA domain (.“} I Ay \‘/‘J W \ﬂj b w W \wa \“ W |
along[110] is taken as 17.32 A. Using this value as a cali- 06 | ! ‘ \v' ' » ‘ifv L
brateq rL_JIer we find t_hat the NN distance aI([ng(_)] intheB £ = 1616, slorg (TG~ N
domain is 10.01 A, in complete accordance with the LEED 0447 ® |
measurements.

One might ponder why the previous experiméhté141
have not identified th€111) adlayer symmetry correctly. A 00
possible source of confusion is the many additional spots due : : : : : : : :
to strong multiple scattering in LEED. These additional spot
positions are thosél1l) spots shifted by the reciprocal lat-
tice vectors of Ag100. An immediate consequence of the  FIG. 3. (Color onling An STM image of a two-domain bound-
multiple scattering is the presence of repeated spots sugy for calibrating the NN & Cq distance. Using the &g Cqo dis-
rounding all substrate diffraction peaks. This can mistakenlytance 17.32 A in thé\ domain along 110] as a calibrated rulgi6
implicate a commensurate adlayer. Here we give a full ac€; Cg, spacing alond 110]=27.71 nm), the NN distance along
count of the LEED patterns observed at different beam enei110] in the B domain is determined to be 10.01 A (33 Cy-Cqo
gies. The collection of all LEED spots allows direct compari- spacing along 110]=33.20 nm). This agrees completely with the
sons with the simulated LEED patterns of @< 4) phase LEED measurements. Image size 233 nnf, sample bias
and the close-packedll1l) Cq, phase. Figures (3—2(d)  —1.7V, and tunneling current 0.8 nA.
show four SPA-LEED patterns taken at 60, 80, 115, and 130
eV. A composite pattern with all spots from FigsaR-2(d)  garded as occurring purely in tH&10] direction. A sche-
is consistent with Fig. @). This is to be compared with Fig. matic diagram of an overlapped close-packitl) Cq, layer
4(a), thec(6x4) LEED pattern, Fig. é), the (111 close-  and the Ag100) lattice is shown in Fig. &) in which a best
packed phase without multiple scattering, and Fi@),4he  possible commensurability between the,Gdlayer and
(111 close-packed phase with multiple-scattering spots. Inag(100) substrate is assumed. That is, the N, €pacing
pattern(c) the original(111) spots are denoted by solid dots along[110] is taken as 7/2x4 for simplicity. In this way, the
and the multiple-scattering spots are denoted by circlesegistry of G, on the substrate along.10] becomes alter-
Clearly, the full match between the composite pattern and thgate. If a G, sits at the bridge site midway between adjacent
simulated patterfc) justifies our LEED assignment. We note aAg atoms, the next g in the[110] direction would be on a
that different deposition temperatures 460 K) and proce- pgjlow site[e.g., rowA in Fig. 5a)]. A row of Cgp (row B)
dures result in identical § ordering. Figures @) and 2f)  subsequently stacked on the réwwill adsorb on non-high-
are the LEED patterns of a multilayer-G ML) Ceofilm and  symmetry sites midway between the hollow and bridge sites.
the monolayer & film after subsequent desorption at This unfavorable situation may be remedied by displacing
>500 K,'? respectively. The LEED pattern of Fig(f2also  c,, toward preferred binding site.g., hollow sites The
conforms completely with Fig. (4). B physics of such a process is similar to the well-known

Note that all observed LEED spot positions aldidlO] Frenkel-Kontorova FK) model?® In this paper we will not
remain unchanged from that of thig6xX4) phase. As dis- pursue a quantitative FK model analysis. We simply point
cussed earlier, the lattice incommensurability can be reeut that the Gyinduced substrate reconstruction should pre-

ehre
e 9-.3;@‘% .

nm
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© e% 7 e ® 0 e%e ° FIG. 5. (Color onling (a) A schematic diagram of an overlapped

- wo T e L ‘o . | (M11)Ce close-packed111) Cg layer and the AGLOO) lattice. Approximat-

. °. o ° . . . e e ° . ing the NN G spacing alond110] by 3.5,4 (10.0 AwSA&aAg),

. o . o o o o o the registry of rowA Cgy on the substrate alondl10] becomes

(] -] o -l (-] [ . .

e o . o e . (111) spots alternate bridge and hollow sites. The subsequently stackedBrow

o o o o o o Cgo adsorb on non-high-symmetry sites midway between the hollow

) o . © ) . ° . . . . . .

. . . . . . il and bridge sites(b)—(e) show the schematics of lattice displace-
o %o . o e ° mu t'p'e ments of all four basic contrast patterns. Each arrow indicates a
°, S, o scattering shift of the Gy, position by 1/41,,. Each arrow with a % 2” mark

o "e° o * o % o spots denotes a shift of the 4g position by 2/4,, .

‘. [ . . .0 0. . N (-] R

C. Substrate mass transport and a “pit” reconstruction model

_ In Sec. Il A, we have reviewed the basic STM findings
FIG. 4. LEED schematicsia) the c(6x4) LEED pattern(b)  for 5 monolayer @, on Ag(100). The bright-dim contrast,
the (111) close-packed phase without multiple scattering, &)d e considered as a straightforward signature of a height

the (111) C.lose- paCk.ed phase with mUItiple'sca.tt.ering Spots Shifteq/ariation, is used to infer adsorbate-induced reconstruction in
by the reciprocal lattice vectors of A00). The original(111) spots several fullerene films grown on metal surfat8<:1920The

are denoted by solid dots and the multiple-scattering spots are dé- . .
noted by circles. The patterfe) is completely consistent with our contrast of Go on Ag(100, however, remains ambiguous,

LEED assignment shown in Fig. 2. partly due to the intricate o_r_de_ring with mere_ly short-range
order even at thermal equilibrium. Our previous study re-
veals that all low-temperature depositeg,@re “bright,”
fer to occur at a specific adsorption site, because differeryut can evolve into the “dim” type upon annealifgThis
adsorption energy gains are involved. This is mostly pertainevidence led us to reconsider local surface reconstruction as
ing to an incommensurate phase, as we have observed hetke origin of theB-D contrast. Any electronic origin is also
or a higher-order commensurate phase due to multiplicity ofejected by STS performed at 4 R This work affirms no
adsorption sites. From the above argument we provide a baignificant difference in the & Ag bonding character be-
sis on how the adlayer incommensurability may affect thetween different molecule types.
state of interfacial reconstruction. This in turn has implica- It is necessary to draw a definite conclusion on the nature
tions for the formation and distribution of the bright-dim of the B-D contrast as a prerequisite to understand its order-
STM patterns, to be further discussed in Secs. llID and lll Eing. To further understand the possible coordination and
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studie$®!” show that a second layerg@will not exhibit the
characteristic bright-dim contrast as opposed to what is ob-
served here. Often, additional bare silver layers are formed at
the neighboring region. Note that such an “isolatedg,C
island as shown in Fig. 6 is mainly found on terraces wider
than ~150 nm. The raised &g regions rarely exist in those
Ceo islands aggregated at steps. Clearly, the displaced silver
atoms are incorporated directly to the steps in these cases.
We believe the observation of such mass flow and the
double-layer G, island structure will not be unique to
Cso/ Ag(100); it will be a general phenomenon for fullerene
films with adsorbate-induced reconstructions.

Since at low temperature allggislands consist only of
the bright Gy, ° the mass flow of silver atoms is exclusively
related to the dim g. The long-range mass transport im-
plies that the interfacial reconstruction is not simply a mass-
conserved local rearrangement of silver atoms. Instead, we
apply mass conservation to those “isolated” islands to esti-
mate the number of Ag atom$|, displaced by each dim
Ceo- LELS;, S;, andS,y denote the areas for the{Tegion

1.2 with original height, the “higher” Gq region, and the extra
10 T ‘!mhszm.N\ﬂM bare si!ver regi_on, rgspectively, amg,,, be the average con-
c 08 FAVRRAIL W S W1 u\nm Am%h centration of dim G in S; andS,. Then
< o5 R 10.4S,+ Spg)
o — s N ) "
02 4%?7Ag dim\ <1
0.0 WL where 10.4 is the approximate number of silver atoms per
0 20 40 am 60 80 100 Cgo in the (111) phase. By calculatingN from 15 isolated

islands, which are at least50 nm away from any step and
FIG. 6. (Color onling A double-layer G island prepared at have sizes $;+S,) ranging from ~2000nnt to

~350 K. Thg Ag atoms displaceq by the dim,Qwucleate under- 16000 nm? we find an averagéN)=4.3+0.5, whereN

neath the original g layer and raise theegl_ayer by~2nA. Sy, has been weighted by the total areaSyfandsS, .

Sz, and S, denote the areas for the originalg{region, the Since dim and bright & can appear as nearest neighbors,

raised .CGO region, and the extra _bare silver region, Irefs‘)ecn\/e'y'the interfacial restructuring accompanied with the dig, C

Image size 158 150 nn?, sample bias- 1.0 V, and tunneling cur- -

) . . should be local. A plausible structural model to account for
reqt 0.8 nA. The inset shows the_ schematics of a plausible reStrUﬁ\']~5 involves a double-layer square pyramidal pit with
turing mode! underneath each dimgdsee text (112) microfacets. In such a pit, four Ag atoms are removed

from the first layer and one from the second layer, exposing

structure of the reconstructed interface, we examine in detafbur (111) microfacets. The center of the pit corresponds to
silver substrate mass transport in the formation of a conthe fourfold hollow adsorption site. A schematic model is
trasted (g layer. This will not only reveal long-range mass shown in the inset of Fig. 6. In addition to being consistent
transport accompanying the “dim”-type¢g, but will also  with the experimental measurements, the proposed structure
shed new light on plausible structures of the reconstructeé physically sensible. For example, it requires a plausible
interface underneath these “dim”gg. hollow adsorption site and has low-enekgdyL1) microfacets.

Observation of mass flow requires specific film growthSuch a structure can serve as a starting point for further
conditions. Above 380 K, g on Ag(100) are highly mobile  theoretical structural calculations. We also note a digg C
and they nucleate preferentially at steps, showing few, if anytesiding in such a microfaceted pit can account fer a3 A
evidence of substrate mass transport. When the depositiarorrugation if a hard sphere;gdiameter of 10 A is assumed.
temperature is lower than 270 K, D contrast, i.e., sur- This compares reasonably with the1—-2 A bright-dim
face reconstruction, appears. If we prepare thg fllm at  height variation observed in the experiments.
around 350 K (-10 K), significant displacement of silver The measured averad®l) is smaller than theN=5 of
atoms is observed; new Ag islands may nucleate, especialliyie proposed pit structure. This difference is ascribed to the
on wide terraces. Such islands can rest below the origiggal C medium Gy specieSM in Fig. 1 lower left inset which we
adlayer, forming a peculiar double-layegg@sland structure. interpret as a g residing in a single Ag vacancyN=1).
Figure 6 gives an example. There, the raiseg f@gion Because aN=1 vacancy necessitates less mass transport
within the Gy island is not a secondgglayer on top of the than that of aN=>5 pit, films grown at lower temperatures
latter, because the increase in height turns out to be just thghould have more “medium”-type £. This is indeed what
thickness of a silver monolayer, i.e., 2 A. Previouswe observe. As shown in Fig. 7 g&films grown at~300 K
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observed in g, films grown at~300 K. Here the concentration = r ﬂ
ratio of the three different & contrasts is close tdB:M:D 5 | ds ]
=2:1:2;i.e., the concentration dfl Cgqis ~20%. & 3F z Bright C60 3
o r ]
. . - = q1 ]
show various metastable structures with significantly larger 2 ]
concentrations of the mediumggspecies. Furthermore, as E 4 \ E
we will show in Sec. IlIlE, the fluctuation rate between the il
medium and bright g is the fastest. This is conceivable as a 1k 3
structural change betweeld=0 and N=1 is clearly the .
easiest. Both facts support our structural model. :
oL 1
-4 -2 0 2 4
D. Structures and local ordering of G, contrast patterns g{1/nm)

While the G, themselves take up th@11) close-packed FIG. 9. (Color online Pair correlatiorP(r) of the bright Gy in
structure, their bright-dim contrast does not appear to show typical 2227 nnf STM micrograph containing-850 molecules
any long-range order. Instead, the film exhibits merelyis calcylated.(a) The exper_imentally Qbserved histogra(d’ashe_d _
short-range contrast order in several recognizable basic paﬁurve is plotted with the simulated histogram of a random distri-

terns as shown in Fig. 8: namely) the zigzag structure in bution (solid curve of the bright G,. (b) The fast Fourier trans-
form (FFT) spectrum of the differencAP(r) between the experi-

the[110] directionA, (b) the rectangle structur@®), (c) th_e ment and simulation curves indicates short-range order=dt/q
honeycomb structuréC), and(d) the much less frequentline _ 195 & 172 A and 24.7 A. Similar results were obtained for the

structure(D). The concentrations of the dimygin respective  gistribution of the rhombic tetrametsiot shown.
idealized structures arey,,=1/2, 3/4, 2/3, and 1/2. In gen-

eral, a properly annealed film=>420 K) contains all four L . ) o o
coexisting basic patterns, yet it maintains the equilibrium

concentrationdg,~ 2/3. Two issues will now be addressed.
First, we demonstrate that the film indeed contains only

Z2e short-range order from evaluating the pair correlation func-
: ".' s : - tion. Second, we discuss the physical origin of the four basic

contrast patterns.
*elgeag? B < Mrecangle” C = “honeyeomb™ DD | Sline” The pair correlatiorP(r) of the bright G, in a typical

- - . -

A B D
B & ..O S ’ " ...... 27x 27 nnf STM micrograph containing-850 molecules is
[110] calculated.P(r) is defined as the probability of finding two
L O o © O molecules at a distanaein a square regiofi* In Fig. 9a),

[10] the experimentally observed histogram is plotted together
FIG. 8. (Color online Four basic contrast patterns of the short- With the simulated histogram for brighzgxandomly distrib-
range contrast order in thes§?Ag(100) films:(a) the zigzag struc-  uted on a(111) lattice with an identical bright g concen-
ture in the[ 110] direction, (b) the rectangle structuréc) the hon-  tration ~0.33. The simulated curve has been corrected for
eycomb structure, andd) the less frequent line structure. The the finite-size effect of a square imagfeThe match between
concentrations of the dimdg( g, in these idealized structures are the two histograms, in particular at larger proves the ab-
Oam=1/2, 3/4, 2/3, and 1/2 fofa), (b), (c), and(d), respectively. sence of long-range correlation among the brigkt @si-
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tions, i.e., no long-range order in the contrast pattern. Atelocity vy=dw/dk=0. Therefore, it is a standing wave.
smaller distances, however, there are deviations indicatinghese account for their involvement.

some short-range order. This is best demonstrated by the fast The idealized line, zigzag, and rectangle patterns will all
Fourier transform(FFT) spectrum, as shown in Fig(l9, of  have an average 3agy NN Cgo-Cqo Separation alonf110].

the differenceA P(r) between the experiment and the simu- This is slightly larger than the expected average NN distance
lation curves. The FFT spectrum shows three major peaks &4€ag Of the G, film. Experimentally, the above three pat-
r=1/q=10.2 A, 17.2 A, and 24.7 A. These values corre-terns mix and interpenetrate. It is possible that the &u-
spond to the NN G-Cg, distance (10.0 A), the NNN layeris under local uniaxial tensile strain, depending on de-
Ceo-Ceo distance(17.34 A, and the diagonal distance of a tails of the pattern mixing. The origin of the honeycomb

; - ttern is to compensate this excessive uniaxial tensile strain

rectangle pattern unit cel26.4 A). Similar results were ob- P2 : .
tained for the distribution of the rhombic tetramers. Zloclgngtlot]a{tt\(/avren g?gr?@nigfsl:‘{:g;gﬁtg’\l? %\'S;ﬁg(’}: tquetrhe?‘o?gn-
The structure and ordering of an incommensurate film y P = 'A o 1o i
with adsorbate-induced reconstruction is clearly a Comp”_pompressed frorﬁd)—l_o.o by3/o._|n Flgs. t)—-5(e), we

: . . illustrate the schematics of the lattice displacements of all
cated issue. Here, we can explain the four basic contra% .

S ) ur basic contrast patterns.

patterns by considering two factord:) Cgprinduced recon-
struction(i.e., “pit” ) occurs preferentially when g occupy
the most preferred registry an@) dispacements of the in- E. Fluctuations of the bright-dim Cg contrast

commensurate §g positions towards preferred binding sites. 11 “bright,” “medium,” and “dim” contrasts are not

For the former, in accordance with the “pit” structural gatic as previously claimed in Ref. 17. They fluctuate down
model, the bonding site for aggoccupying the pit will be  to —270 K, where the bright-to-dim ¢ transformation also
the fourfold hollow site. For the Iatter, we enVisage that thestarts to OCCUF.S An important question is to understand
preferred bonding sites should be the sites with higher symwhether these fluctuations are equilibrium thermal fluctua-
metry, i.e., hollow, bridge, and atop sites. Clearly, both pro-tions. Furthermore, is there temporal or spatial correlation?
cesses described above can gain free energy through bettinally, one wishes to know the microscopic mechanisms
coordination but they are counteracted by an energy penaltynderlying the fluctuations. Our studies provide answers to
from the Gy lattice distortion. A quantitative analysis of the first two questions. The last remains elusive though we
stable structures from these competing interactions can inan surmise some tendencies in the mass transport.
principle be analyzed with the Frenkel-Kontorova model. The statistics of the £ contrast fluctuations have been
Lacking detailed information on the microscopic energy pa-analyzed in detail. We find1) at room temperature and
rameters, we limit ourselves to a qualitative discussion, asbove, the fluctuations are equilibrium thermal fluctuations
follows. Consider the schematic model shown in Fige)5 satisfying detailed microscopic balan¢g) fluctuation prob-
with the NN G, spacing alond 110] taken as 3.&,4; we  abilities show the medium and brightgare quite “similar,”
now ask how this structure may distort itself through theand (3) fluctuations are uncorrelated in time and satisfy the
above two processes to gain energy. Note thgi i@ the  Poisson statistics, but they are often spatially correlated. Fig-
type-A rows occupy alternate hollow and bridge sites. Inures 1@a) and 1@b) show two room-temperature STM im-
contrast, G in the type-B rows occupy non-high-symmetry ages taken at the same area and 90 s apart. Figuecg &0
sites midway between the hollow and bridge sites. The adeomposite image in which the height in Fig.(bDis sub-
sorption sites for these type-B rowgare not favorable. tracted from that in Fig. 1@), allows us to identify unam-

For simplicity, we treat each individual type-B row as an biguously various fluctuation events. For example, in Fig.
1D monoatomic chain. The lattice vibration modes of this 1D10(c) the arrowA signifies a fluctuation event of a bright£
chain, if properly coinciding with the hollow sites, will pref- in (a) switching to a dim Gy in (b) and the arrowB points to
erentially induce the substrate reconstructiae., become a fluctuation event of a mediumgg switching to bright.
“dim” C &g and the phonon modes will be “locked.” Within  Statistics over 64 imagéd$otal time 92 min placed the con-
this physical picture, we find the rectangle pattern can beentrations of thd, D, andM species at 31.9%, 66.5%, and
regarded as an acoustic phonon with a wave vetkbr 1.6%, respectively. The fluctuation rates among them are
= m/{d), where(d) is the NN G Cgo distance. The line and tabulated in Table I. From the “total event counts” in Table I,
zigzag patterns are both acoustic phonon modes ktld.  itis clear that microscopic detailed balance is satisfied within
The difference between the zigzag and line patterns is thattatistical errors. This immediately establishes that the pre-
the former, on average, has zero displacement aJaa§] pared film is indeed in a state of thermal equilibrium. It also
whereas the latter does not. The line pattern is therefore urshows that the bright and mediunmgdCare similar to each
der a shear stress alof@l0] and is energetically unfavor- other, whereas the bright-dim or medium-dingoGre not.
able. Indeed, we have found very few line patterns in ourThe fluctuation probability for the medium to dinmgZevent
experiments. If they were found, they only extend a shor{1.63% is much smaller than that for the medium to bright
distance(three or four rows unlike the zigzag pattern that Cgy event(63.2%9 and is similar to that of the bright to dim
can extend much farther. Why are these two phonons at th€g, event(1.61%. As we have discussed earlier, this can be
zone center and zone boundary involved? For the acoustignderstood in light of a single vacancy formatioN=€1)
mode atk=0, energyw=0. It is easy to excite this mode. being more frequent and easier than the formation of a
For the acoustic mode @k|==/(d), w#0, but the group square pyramidal pitN=5).
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(a): 0 sec (b): 90 sec (©: (a)-(b) A F. Understanding the peculiar Gy, contrast ordering: A
: e lattice gas model

While in Sec. Il D we have discussed the physical origin
of the four basic contrast patterns, it remains unclear how
these patterns intertwine, leading to the observed contrast
pattern. It is this intricate pattern that causes the controversy
on the origin of the bright-dim contrast. Here we employ a

@ Bright — Dim Dim —> Bright lattice gas described with a minimum set of energy param-
nin o R eters to model the physical interactions in this very compli-
/\\ ﬁw /\/\/\ cated system. A g film prepared at low temperature and
fal [ . HE d % consisting solely of the brightdgis taken as the zero-energy
e an e S reference state. Upon annealing, some bright €ites
e K ot change to “dim GgAg pit” sites (called simply “Cy, pit”

FIG. 10. (Color onling (a), (b) Two room-temperature STM thereafter. Second, the rhombic tetramers stabilizing spe-
images taken at 0 and 90 s of the same a®aA composite image  cific contrast order form. Three new competing interactions
by subtracting the height ¢b) from that of(a). The arrowA points ~ now come into existence. They are the pairwise NN interac-
to a fluctuation event of a brightsgin (a) switching to a dim G in tions between the & pits (E; andE,, E; denotes the NN
(b), and the arrowB points to a fluctuation event of a medium,C interaction along110] and E, for that in the directions 60°
in (a) switching to a bright G in (b). The circleC shows a paired  off [110]), the formation energy of thepit (E4), and the

event of bright-to-dim and dim-to-bright contrast excharidgHis- configuration energy of the tetramer§.. The lattice gas
tograms of each type of fluctuation events in unit tifeeg., be- Hamiltonian can then be expressed as
tween consecutive STM imagesatisfy the Poisson distribution.

One can investigate whether there is a temporal correla- H:EijE ninj+Ed2 n+ > E., 2
tion between the fluctuation events. In Fig(d)Q histograms i i conf
of the number of fluctuation events in consecutive STM |m—WhereEij is E, or E,, n,=0 for the bright Gy, andn,=1

ages are plotted. It shows that the switchings betweemthe for the dim G. We are neglecting variations in theeCs

3?5?“%[](,(?;” V\!I?F:L:?esisoak:)ei,rnngtrasl,r::%\)r\ggtli%fx ;23 tEg"z\sl\(l)i?ch_interactions due to verticalggdisplacements, as well as pos-
. . . pora : sible changes ift; due to a nonuniform separation between
ing probability scales linearly with the time lapse between

; . . the G, pits along[110].
Eg?r;gzggvilgg:i.ﬁg?l)g]i gogggg’_)tgeéseﬁt:Oﬁ;?]ngciErat'ar] Several aspects of the model_should be noted here. Gen-
in the vicinity and so dol— D and vice versge.g., circleC grall_y, the energy for adsobate-induced surfape recongtr_uc—
in Fig 1(10)j For other types of switching.e.\,/ents e.q tion is separated into the energy of reconstructing the pristine
MHB. no sﬁch spatial correlation exists. This ma;/ S'hé'iurface and the difference of chemisorption energy on thg

. . . - : econstructed and unreconstructed surfaces. However, this
some light on the microscopic origin of the mass transpor

. . ) pproach is inconvenient because the state of substrate re-
involved in these fluctuations. For@ Ce, to become &D ._construction is not knowm priori. It is tempting to group

C|60' T'Ve Ag atom? heTlve to ltole d|s(§JI|z(;ce(tj_ to”forn|1 a pit. This '.S]:the reconstruction energy by local on-site terins., forma-
leir y z?n energetica ydc?s yan Iltn'e Ica 3;15 ow prﬁ(c?sst "tion energy and by pairwise cross-site terrtise., NN inter-
all Ag atoms are moved far away. It IS much more liKely 10 5 .qng, etg. in the framework of a lattice gas model. The

og%urr\]/vhere there ared ne_arbyFAg ;’litom §|nks,b|.@.,C60 h success of this approach would have ramifications for similar
\év'.t ht N c;ecor:js_tructe pits. Er uc.tulat|onsl etween theyodels in describing ordering and phase transitions in sur-
right and medium o, no such spatial correlation exists ;06 fiims with adsorbate-induced reconstructions. Second,

because only one Ag atom is involved in the mass transporfy o ote that in our model an occupied site refers to,ap@

The fluctuations display strong temperature dependenc&)mplex rather than simply aggmolecule. FoiE, andE,,

gsgxpect:tedt. Tthety rlave been obs;arvélec()jofrsm iso }t<h when th{ﬁe pairwise NN terms actually describe effective interac-
-b contrast starts to appear, up to » When ey 0CCUfi, s petween the &-pit complexes encompassing intermo-

fso fast thagt'raﬁrag mdng[dual even.tst bheCOITIES dificult. Thelecular, molecule-substratand substrate-substratée., pit-
our basic bright-dim patierns persist, however. pit) interactions. It is unusual to employ a lattice gas species

TABLE |. Statistics for the contrast fluctuation rates between theOf this complexity. Finally, the tetramer configuration energy

B-, D-, andM-type G,. is the key ingredient in our model. This configuration energy
demands a specific contrast order permutation and therefore

Switching goes beyond a direct four-body interaction. As we shall see,

event D—M M—D D—B B—D M—B B—M the key to understand the complicated ordering is the distri-

bution of these rhombic tetramers. It allows coexistence of
several structures with short-range order but its aperiodic dis-
tribution destroys long-range order. We will discuss the

Probability (%) 0.031 1.63 076 161 63.2 295 physical origin of the configuration energy gain before clos-
ing this section.

Total event 23 28 555 565 1081 1030
counts
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FIG. 11. (Color online The prevalent equilibrium thermal fluc-
tuation events of a single g contrast reversal involve an energy
In (a), the interaction en-
ergy involving theA site is zero. The interaction energy becomes

change ofAH=(2E;+2E,+E.+Ey).
2E,+2E,+E.+Eqin (b).

Several constraints for the parameté&s, E,, Ey, and

PHYSICAL REVIEW B68, 245414 (2003

"!" 0" '.':ff:..

f M
{s‘.; {;

FIG 12. A MC simulation snapshot of aepattice at the 1fth
MC step. All the local contrast patterfisirclesA-D), the equilib-
rium dim Gy, concentratiordy,~0.65, and the number concentra-
tion of the tetramer configuration (17=2)% are successfully re-
produced.

,"’ .IEI

E. can be established from the experimental data and are

described here separatefi) As shown in Fig. 8a), the G

film exhibits a combination of mostly rectangle, honeycomb,— 1/2E ) <E;<(—2E,—
and zigzag patterns with different degrees of mixing. Theare establisheda) E,~

~2/3, a necessary condition for the rangekfis (—E,
1/2E,). Therefore, four constraints
E., with E, slightly more negative;

line pattern, less frequently observed, may be neglected hergh) E.<0, Eq<0; (c) (2E;+2E,+E.+Ey)~*kgT; (d)
It is easy to show that the energies per unit area for th¢—E,— 1/2E,) <E,<(—2E,— 1/2E).

idealized honeycomb patternEfgneycomn Odim= 2/3), the

A periodic boundary condition and the traditional Me-

rectangle patternEecuangiefaim= 3/4), and the zigzag pattern tropolis algorithm were adopted in our Monte CafMC)

(Evigragfaim=1/2) are (L +1/3E,+2/3E,), (L/4E,

simulation. The system was thermalized by flipping the con-

+1/2E,+E,), and (1/E,) respectively. The reasonable as- trast of a randomly selecteds§or switching the contrast of

Sumption thaEhoneycom:(2/3Erectangle+ 1/3Ezigzag)1 with adim

a NN bright-dim G pair. For a 3& 54 lattice,~5000 suc-

constant, leads t&,=E.. More accurately, since the hon- cessful steps sufficed for the attainment of equilibrium from
eycomb pattern appears more frequently after annedipg, an initial condition off,,= 0 or other initial configurations.

should be slightly more negative th&s. (i) E; andE, are

With the above four constraints, parameters could not be

negative(iii) Fluctuations of the g, contrast lead to changes varied at will. To match the equilibrium concentratiog;,,

of local Gy contrast configurations, and the energy changes-2/3, trials and errors led tB,;=1.5,E,= —

1, E.=—1.1,

in such events can be written in terms of the proposed =0, andkgT=0.025 (T~295 K, kgT~25 meV). Figure
Hamiltonian. Figure 11 shows an example. We focus on thd2 shows a snapshot of a(Jattice at the 1fth MC step

fluctuation of a single g at A changing from bright to dim.
In Fig. 11(a), the interaction energy involving site is zero

because the molecule is a brigh§,CIn Fig. 11(b), the in-
teraction energy now becomé&s +2E,+2E,+E4. Since

using the above parameters. We were able to reproduce all
local contrast patterns and the concentration of the tetramer
configuration~(17+2)%. Furthermore, we calculated the
pair-correlation functiorP(r) from the MC snapshot image.

we have demonstrated equilibrium thermal fluctuations afn analysis identical to that of Fig. 9 was conducted and Fig.
room temperature, the enthalpy change of the above fluctud-3 gives the results. The FFT spectrum shows the three pre-
tion event AH) satisfiesAH~ +kgT, wherekg is the Bolt-  ferred Gg-Cgyo distances ar=1/q=10.0A, 17.7 A, and
zmann constant. In experiments, the prevalent energy chan@a.7 A, consistent with the experimental findingsg. 9).

is E.+2E,+2E,+E4, with only a few having an energy However, the relative intensity of the FFT spectrum from the
change of E;+3E,+E4. Interestingly, in terms of these MC snapshot indicates tha(r) at ~10.0 A is overesti-
energy changes in fluctuations, there appears no differenaeated andP(r) at ~24.7 A is underestimated. In the MC
between the bright- and medium-typg,CThis is consistent simulation, the occurrence of the zigzag feature is more fre-
with our previous discussion on the contrast fluctuation rateguent whereas the occurrence of the rectangle pattern is less
and justifies our using only the bright and dim species in thdrequent. Nonetheless, the basic features of the pair correla-
lattice gas model. To recapitulatdyH=(2E,+2E,+E,  tion function are well reproduced.

+Eg)~*=kgT. (iv) A range ofE; can be obtained by con- Note that the parametd&ty=0 used in Fig. 12 is set for
sidering adding the dim &g to the idealized zigzag structure. simplicity. From the conditiongc) and(d), a parameter set

It is easily shown that incorporation of each ding,Quill (E1,E5,Ec,Eq,kgT)=(1.5+u,—1,—1.1,—24,0.025),

cause an energy change ofHg+2E,+E,), (2E;+3E,
—E.+Ey), (2E;+3E,+Ey), (2E;+4E,—E +Ey),
(2E,+4E,—2E.+Ey), or (2E;+4E,+Ey). Since E,
~E, and E;<0, this energy change is at leastH2t 2E,
+Ey) and at most (B, +4E,+Ey). If (2E1+2E,+Ey) is
always less than zero, then the system equilibrateg;at

with w>0, will reproduce similar simulation results. An in-
crease irE; introduces stronger repulsion between some NN
dim Cy pairs, and a constant equilibrium concentratip,

is maintained ag 4 becomes more negative. Further simula-
tions also demonstrate that the chogepE,,E;,E4 are
quite unique as they can only vary bykgT to keep accept-

=1.If (2E;+4E,+Ey) is always greater than zero, then the able results.

system equilibrates a&ly,=1/2. Since the observeé, is

If the Hamiltonian does not contain the tetramer configu-
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a) 0.8] T ' sorption site is less favorable for the;gnduced substrate
reconstruction and it explains the specific contrast order in a

tetramer. We also note that only the paired digy Fig. 1,

ooooooooo

08 lower right insel exhibit an intramolecular unidirectional
I nodal feature. These dimggare thus not rotating and the
= o e s van der Waals interactions between the two pairgg d&-
% 04r e e pend on their orientations. If one sums over the C-C interac-
L MC simulation |

tions (without considering any substrate effeébr all pos-
] sible unidirectional orientations for such agCpair?® a
. variation in the van der WaalydW) energy of~150 meV
] per pair atd,;=9.5 A is possible. However, as shown in Fig.
14(a), the most favorable orientation is not reproduced ex-
perimentally. Optimal vdW interactions generally require the
0:0 0:5 10 1:5 2,0 2.5 3:0 two neighboring G, to have adjacent hexagon or pentagon
/<> faces, especially at smallggECgg separations. The experi-

. . mentally observed orientation, as depicted in FigibL4in-

0.2 . . .
L/ solid —— simulation
dashed — — —-MC experiment

1

5 ' J ] . . .
b) : /q2 ] dicates that the two £ face each other with opposite 6-6
g ] bond$® (a 6-6 bond is the bond between two neighboring
= 't o E
5 F \ :
s 3f Bright C60 3
S ]
> F
i
g W -

0 E
-4 -2 Q 2 4
q(1/nm)

FIG. 13. (Color onling (a) The pair correlation functiofP(r)
calculated from the MC snapshot imagb) The FFT spectrum of
AP(r) between the MC experiment and simulation curves shows
the three preferred g Cq, distances at 10.0 A, 17.7 A, and 24.7 A,
consistent with the experimental findings shown in Fig. 9.

ration energy ternk;, the simulations cannot reproduce our
experimental findings with the above said parameter con-
straints. Often, extended line patterns are seen, as opposed tc
our observation, or the tetramer configuration concentration
becomes significantly lowdpe.g., by 50%. Thus, the distri-
bution of the rhombic tetramers is indeed the key to under-
standing the complicated contrast ordering. It results in
short-range order but its aperiodicity destroys long-range or-
der. While a full account of the stability of the tetramer con-
figuration requires full-scale first-principle calculations,
some heuristic arguments are provided below. First, we note
that the separation of the microfaceted pits underneath two
NN dim Cgo must be integer multiples Gfpg, €.9., 3ag OF
4a,q, whereas the average;$Ce distance alond110] is
3.46,4. In a tetramer, the separation between the pits un-

derneath the two dim g is the shorter one, i.e. &, and a FIG. 14. (Color online (a) The top-view structure of a & pair
gain of interaction energy between the pits is possible. geduced from optimizing the vdW interaction at gCg, distance
There can be no such energy gain in a commensurate phasg.9 5 A. (b) The top-view schematics of the observed orientation
Second, with the help of Fig.(& and in view of the 3,y pit  for the paired G. Nodal lines are indicatedc) The top-view
separation between the dimn a tetramer, we see that the schematics of a 66/66 4 dimer with the[2+2] cycloadditional
other two bright Gy would have to sit at midwaybridge)  four-member ring oriented parallel to the substrate plane. Similarity
positions (3/244) along[110]. Presumably, this bridge ad- between(b) and(c) is noted.
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hexagons It is tempting to suggest that the paireg,@ a  crofacets. These findings have been corroborated by careful
66/66 G, dimer with the [2+2] cycloadditional four- Statistical analysis of the equilibrium thermal fluctuations of
member ring’ oriented parallel to the surface plane. This isthe Gy contrasts. The adsorption structure of the adlayer is
supported by the 9.3 A separation and the matching nodaignificantly revised; LEED measurements show that thg C
feature of a properly oriented 66/66 dinfet’ illustrated in ~ monolayer on AGLO0 is an incommensuratélll) close-
Fig. 14(c). The driving force for the formation of such packed phase, rather than the commenswrée<4) phase
dimers can be related to the short pit-pit distanc@x3 reported earlier. This incommensurate phase is also aperi-
~8.67 A) underneath that exerts a strong compressive stregglic, due to a randomly distributed lateral distortion, i.e., a
on the G, pair, leading to a pressured-induceds,C “rhombic tetramer” configuration with specific contrast or-
dimerization?® This dimer dissociates when the pit- pit dis- der. Such tetramers are key to understanding the bright-dim
tance underneath increases, e.g., @aA-11.56 A, and Cgocontrast with merely short-range order. This is described
pulls the dimer apart. The energy gain from the vdW paireddy a lattice gas model incorporating a configuration energy
Ceo to a 66/66 dimer is about 0.45 eV pde+2] term to elucidate the competing interactions in the recon-
cycloadduct’?8 This is not far from theE,~1 eV used in  structed (o-Ag(100) interface. Our work should pave a
the lattice gas modelAb initio calculations to clarify this smooth way for further study to understand the structure-
provocative proposition are underway. property relationship in this very unique and interesting
fullerene/metal system.
IV. CONCLUSION
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