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Structure of Cg, layers on the S(111)-v3 xv3-Ag surface
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The structure of a monolayer ofggEmolecules adsorbed on the Si(1143xv3-Ag surface has been
investigated by scanning tunneling microsc@fif M) at room temperature and at low temperatif@ K). The
Cgo Molecules are arranged in g21x 21(R+10.9°) double domain structure and also in &33
X 3v3(R30°) structure in part. The intramolecular structures are observed only for the molecules adsorbed at
step edges at room temperature, because the rotatiogyoh@ecules is suppressed due to the strong inter-
action with the substrate at step edges, while the molecules adsorbed on terraces do not exhibit the internal
structure because of their fast rotation. On the other hand, the internal structugg isfr€solved for every
molecule adsorbed on terraces at low temperature because the rotatigni©s@ppressed as in thgbulk
crystal. The orientations of the individuak{seem to be determined by the directions of underlying Si and Ag
trimers of thev3 Xv3-Ag surface[S0163-18209)03140-9

I. INTRODUCTION GaAg110 surface which has a semiconducting electronic
structure is van der Waals’ type in charactevhile Cgo mol-

The interaction between doped or undopeg @olecule  ecules are strongly bound to($11) or Si(100) clean sur-
layers and the underlying substrate has been investigatdeces because of the interaction with dangling bonds on the
with various experimental techniques in recent years. In gensubstrates, although there still remains discussion about the
eral, a Gy molecule is more strongly bound to metal surfacesbonding charactet-®
due to large charge transfer from the substrate g¢ €m- Scanning tunneling microscog$TM) is one of the most
pared with insulator surfaces such as S#&dd sapphire. On powerful tools to study the adsorption structure qf, @s
semiconductor surfaces, the character of the interactiowell as the interactions between the molecules and the sub-
strongly depends on the surface structures and the electronstrates. A lot of results of STM observations have been re-
states. For example, the bonding ofy,Gnolecules to the ported mainly on the morphology of ordered or disordered

FIG. 1. Schematics of atomic arrangements for thd )-v3 FIG. 2. An adsorption structure model for the(Ri1)- 21
Xv3-Ag surface. The largest circles are Ag atoms, and the others \21-(Ag, Gy surface at RT. Large open circles represegs C
are Si atoms. molecules, all of which sit at the center of Si and Ag trimers.
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FIG. 3. (& A 24nmXx24nm RT-STM image of a §111)-v3 _090'\ 090,

XVv3-Ag surface with a deposition of0.8 ML of Cgy at 200 °C.
Ceo Molecules create g@21x y21(R+10.9°) double domain struc-

o>

ture and a 83 x3v3(R30°) structure(b) A zoomed image ofa) FIG. 4. Adsorption structure models for the (Bi1)-3v3
showing an intramolecular structure offadsorbates at a step edge X 3v3(R30°)-(Ag, G surface at RT, where the large open circles
(image size: 14 nm14nm). represent g, molecules. A quarter of £ molecules are located at

(a) Ag trimers or(b) Si trimers, and others sit at asymmetric sites.

Cgo islands and the intramolecular structures of individual

molecules. On the Si(111)% 7 surface, isolated g mol-  Fig. 2, where all of the g molecules sit above Si or Ag
ecules are observed for a submonolayer coverage, implyingimers (H, H,, and H sites in Fig. 1.*%!3 This system is
that Gy, is strongly bound to the surface and unable to mi-also investigated by core-level photoemission spectroscopy,
grate, although the local ordering in thg,@onolayer takes which reveals that there is no significant charge transfer from
place at near monolayer coverdtfeMoreover, the striped the substrate to g molecules™*

internal structure is observed for isolated molecules, which The aim of the present paper is to investigate the adsorp-
means a cease of its free rotatidnin this paper, we study tion structure of G, monolayers on th&3xv3-Ag surface

the structures of & molecule layers adsorbed on the by STM at room temperaturéRT) and at low temperature
Si(111)+3 xv3(R30°)-Ag surface whose atomic arrange- (LT). The G molecules were found to be arranged mainly
ment is resolved as HCThoneycomb chained trimestruc-  in the 21x 21(R+10.9°) double domain structure, and
ture (Fig. 1).* The adsorbed Ag atoms in the HCT structurepartly in a 3/3x3v3(R30°) structure which was newly
form covalent bonds with the Si atoms, leaving no danglingiound in this work. These are abbreviated a,@
bonds on the surface and greatly reducing the surface reas /21-(Ag, Gso) and 3/3 X 3v3-(Ag, Cs) hereafter, respec-
tivity. It is known that G, molecules diffuse freely on the tively. The molecules adsorbed at step edges presented an
V3XV3-Ag surface and bond preferentially at defect sitesintramolecular structure, because the rotation g @ol-

and step edges, and most of the molecules form24  ecules was suppressed due to the strong interaction with the
X \21(R+10.9°) double domain structure on terraces as irsubstrate. On the other hand, after the sample was cooled
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FIG. 5. (a) A 15nmx 15 nm STM image of a
Si(111)-y21x 21(R+10.9°)-(Ag, Cs) surface
at 60 K, where the inset shows a zoomed image.
Two types of intramolecular structure, striped
structure (marked by A, A’, and A”") and a
©-shaped structurémarked byB and B'), are
seen, which are schematically illustrated(i.

0005y

down to LT (60 K), the rotation of Gy molecules adsorbed
on terraces was also suppressed as in gadak crystal and

then the internal structures were observed for individual mol- /2 "% { g L AN ». H
ecules. The internal structures depended on the adsorptio
sites. '

Il. EXPERIMENT

The experiments were performed in an ultrahigh-vacuum
(UHV) system with a base pressure of<%0 ltorr,
equipped with a commercial STMUNISOKU model
USM501) and a reflection high-energy electron diffraction *
(RHEED) unit. As a substrate we used X8 mn¥ pieces of
a high dopedp-type Si111) wafer. A clean Sil11)-7X7 y
surface was obtained by flushing the sample at 1200 °C sev
eral times, followed by slow cooling. Thé3 Xv3-Ag sur-
face was prepared by depositing 1 monolajMtL ) of Ag at
a rate of 0.1 ML/min onto the X7 surface kept at 500 °C. "D 0
Ceo molecules(more than 99.9% in purijywere sublimed
onto thev3Xv3-Ag surface at a rate of0.1 ML/min from Q,‘ apoi‘qol‘ GO
a Knudsen cell held at 400 °C. The substrate was held at ’ ) ) )
~200 °C during the deposition, which led to the formation of  F|G. 6. An adsorption structure model for the(&i1)- 21
large and well-ordered two-dimension(@D) islands of Go.  x\21(R+10.9)-(Ag, Cso) surface at LT, where the lines in large
Potassium depositions on thggC@nolecule layer were done circles (G, molecule$ represent their orientations, aAdA’,A"),
using a SAES dispenser installed at about 15 cm away frorB, andB’ correspond to those in Fig. 5.
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FIG. 7. A 19nnmX19nm STM image at 60 K taken from a
Si(111)-y21x 21(R+10.9)-(Ag, Cso. K) surface with K doping
at RT. Gy molecules labeled a&, B, andC have a U-like shape
and those labeled d3 have a three-lobe shape.

the sample. A sharp/21x \21(R+10.9°) RHEED pattern
was produced by depositingl ML of Cgy onto thev3
Xv3-Ag surface. Note that 1 ML of g was defined as the

with the intermolecular spacing in bulkgg; 1.005 nm. After
these preparations, the sample was transferred to the STM
stage, which could be cooled down to 60 K by evacuating a
liquid N, vessel. Electrochemically etched polycrystalline W
tips were used for STM imaging. The tips were cleaned in
UHV by electron bombardment. The STM images shown
here were taken in topograpHhiconstant currentmode or in
current-imaging modéconstant height mode only with slow
feedback with a tip bias of+2.0 V and a tunneling current

of 0.4 nA (filled state imagingy

I1l. RESULTS AND DISCUSSION
A. RT observation

Figure 3a) shows a STM image at RT in the current
imaging mode, prepared by depositingd.8 ML of Cg
at200 °C. Uncovered areas showing #3exv3-Ag structure
of the substrate are seen in the upper right and the center
parts of the image. The upper and lower left parts of the
image show the/21x \21(R+10.9)-(Ag, Cs,) double do-
mains whose principal axes deviatel0.9° from[112] di-
rection. In addition, another domain whose principal axis is
oriented in[112] is seen in the lower right part. The inter-
molecular spacing in this domain is estimated to be 1.00
+0.01nm, compared with 1.016 nm in the/21
X \21-(Ag, Gso) domain. Then, the periodicity in this do-
main is assigned to bev3Xx3v3(R30°), for which two
kinds of adsorption structure models are depicted in Fig. 4,
where the large open circles represeng, @Golecules. A

molecule density for which the available surface area wasjuarter of Gy molecules are located at the center(af Ag
completely covered with a close-packed hard-sphere laydrimers or(b) Si trimers with a period of 83 X 3v3 and other

FIG. 8. (a) A 19 nmXx 19 nm STM image of a
Si(111)-3v3x 3v3(R30°)-(Ag, Gy, K) surface
at 60 K. Two different kinds of molecules, i.e.,
those in U-like shapgéshown byA and B) and
those in three-lobe shagshown byC), are ob-
served, forming a 83X 3v3 unit cell illustrated
in the inset. One can see out-of-phase domain
boundariegOPB) shown by arrows.
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sorbed on terraces are still free to rotate as in thghDlk
crystal because of the weak interaction with the substrate.
The similar striped structures in individual molecules are
also observed in other systeffs.

B. LT observations

Figure 5a) shows an STM topographic image obtained
from the 21X \21-(Ag, G surface at 60 K. We can ex-
pect that the rotation of & molecules on terraces is sup-
pressed at LT as in theggbulk crystal*®!® Indeed, the in-
tramolecular structures of individual molecules are seen in
the image. The structures are roughly divided into two types,

Tars O
Q.s. .s‘ 8, 'a‘a@

that is, a striped structufshown byA, A’, andA” in Fig.
5(a)] and a® -shaped structuréshown byB andB') which
are schematically illustrated in Fig(t§. Each ofA, B, and
B’ is arranged with a period af21x /21, shown with a unit
cell at the lower right corner. Furthermore, the directions of
the stripes inA, A’, andA” types rotate by 120° with one
another, and8 andB’ types make an angle of approximately
30°. Together with the fact that the electronic states at H
and H, sites in Fig. 1 are almost the same and different from
X 3V3(R30°)-(Ag, G, K) surface at LT, which is made by mov- H; sites, the G, molecules ofA (andA’,A”) andB (andB’)
ing some molecules at asymmetric sitBsandD in Fig. 4) toward types can be considered to be located aghd H, (and H)
the center of Ag or Si trimers nearby. So three-quarters gf C gjtag respectively. Then the difference of the orientation
molecules sit at the center of Si and Ag trimers, while only a quarter, amongA, A’, andA” is attributed to the threefold symmetry
of them (indicated by @ are still located at asymmetric sites. of the underlying Si trimers at Hsites, and the angle be-
tween the stripes d andB’ is attributed to two kinds of Ag
sit at asymmetric sites. The intermolecular spacing in thigrimers at H and H, sites under therfshown by# in Fig. 1).
arrangement iv3a,=0.998 nm, wherea, is the lattice \ve therefore argue that the free rotation gf Golecules on
constant of §i111) surface. the v3Xv3-Ag surface is suppressed at LT and their orien-
As far as we observed, there were no isolated moleculegtions are determined by the directions of the underlying Si
and few domain boundaries on defect-free terraces. This ingng Ag trimers of the substrate. This is qualitatively different
dicates that the interaction between the adsorbates and th®m the case of Fig. 3 at RT, in which the rotation Q;O@

is much longer than the terrace widttypically ~0.1 um).  the supstrate.

Then we can assume that the interaction potential for a pair Figure 6 shows an adsorption structure model for the

of Cgo ON éhe surface is approxmgated by that for freg, C J21x \[21-(Ag, Gy surface at LT, where the lines in large
molecules” calculated by Girifalcd® The Girifalco potential  jrcles (Go molecules represent their orientations anl
reveals that the interaction energy is almost the same for thexr A7) B andB’ correspond to those in Fig. 5.

J21x /21 and the 83 X 33 structures because the intermo-
lecular distances are quite similar in both structures. Never-
theless, the ratio of the total area of thé3X 3v3 domain to
that of the 21x 21 domain was very small, for the  The \21x 21 RHEED pattern became clearer after the
RHEED spots associated with theB3x 3v3 structure were deposition of a moderate quantity of K. It was likely that K
hardly observed, although the typical size of each domaitoms were incorporated into the interstitial sites in the
was not so different in the STM image. TR@1x 21 do- /21X /21 domains, and the electron beam was scattered by
main may be energetically favorable, because, as Upwarthose atoms whose atomic scattering factor was much larger
et al. argued'? all of the Gy, molecules sit at stable sites of than that of C atoms. Figure 7 shows an STM topographic
the center of Ag or Si trimergésee Fig. 2, while only a  image at 60 K obtained from th¢21x \21-(Ag, Gy struc-
quarter of G, molecules occupy such sites in the/33 ture after additional deposition of K at RT. We can see two
X 3v3 structure(see Fig. 4. kinds of molecules: U-like shaped onésarked byA, B,

In Fig. 3(b), which is a close examination of the center andC) and three-lobe-shaped ongsarked byD). The ori-
part of Fig. 3a), we can see striped intramolecular structuresentations ofA, B, andC are different and each of the mol-
of Cgo molecules adsorbed at a step edge running from thecules is arranged with a period ¢g21x /21 (lozenges in-
upper left to the lower right corners. It is known thag,C dicate their unit cells Their orientations seem to be
molecules are rotating in their bulk crystals at a rate ofdetermined by the directions of the underlying Si and Ag
10°s ! at RTY The fact that the intramolecular structure of trimers on the substrate, while the orientation of the lobes in
the molecules is observed only at step edges means that tHee D-type molecules is not correlated with the substrate. In
rotation of the molecules is suppressed due to the stronthis way, by doping K into the/21x \21-(Ag, G) layer, its
bonding only at step edges, while thgyGnolecules ad- electric structure and the resulting STM image seem to

l“'
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FIG. 9. An adsorption structure model for the(Xi1)-3v3

C. With K doping
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change from the undopedz_lx \/2_1-(Ag,c60) phase shown double domains and alsov3Xx3v3(R30°) domains. The

in Fig. 5. A clear difference between the U-like shaped andormer is a stabler structure because aj @olecules in the

three-lobe-shaped molecules in the image, which is not seeri21x 21 domains are located at the centers of Si and Ag

in the undoped &, layer in Fig. 5, may come from inhomo- trimers, which are stable adsorption sites, while some mol-

geneity in electron transfer from K atoms. ecules in the 83X 3v3 domains sit at asymmetric sites on
Apparently different were the STM images of the33 the substrate.

X 3vV3-(Ag, Cg) surface between RT and LT, although little  The striped structures are observed in the individual mol-

change was introduced by K-atom incorporation in thisecules adsorbed at step edges at RT, because the rotation of

phase. Figure 8 shows a STM topographic image obtaine@so Mmolecules is suppressed due to the strong interaction

from the 3/3x3v3-(Ag, Cso, K) surface at 60 K. Two dif- Wwith the substrate only at step edges. However, the internal

ferent kinds of molecules, i.e., U-like shaped ofstsown by  structures of &, are resolved even for individual molecules

A and B) and three-lobe-shaped onéshown byC) were  adsorbed on terraces at LT. The rotation g§ S suppressed

observed as in the/2_1>< \/2_1-(Ag, Gso, K) in Fig. 7.AandB at LT also on terraces and the molecule orientations seem to

are oriented in different directions, forming @8<3v3 unit ~ be determined by the directions of the underlying Si and Ag

cell illustrated in the inset; the center of the unit cell is oc-trimers on the substrate.

cupied by a molecule of typ€. We can see out-of-phase ~ According to our valence-band photoemission

domain boundarie€OPB) in Fig. 8, where the unit mesh of Spectroscopy and core-level oné the interaction between

the 3v/3 X 3v3 structure is superimposed. Cgo molecules and the’3Xv3-Ag surface is quite weak.
We can make a model of the/3x 3v3 structure by mov- However, a very small amount of charge transfer between

ing some molecules sitting at asymmetric sites in Figin4  them seems to occur as suggested by electron-energy-loss

dicated byB and D) toward the centers of Ag or Si trimers SPectroscopy: Such a weak interaction with the substrate,

nearby, which is depicted in Fig. 9. In this arrangement, onlyPut not a pure van der Waals type, causes the superstructures

the moleculeC at the center of the unit cell, showing a three- such asy21x y21 and 3/3x 3v3, though intermolecular in-

lobe shape in Fig. 8, is located at an asymmetric site, whiléeractions may also play a role in the phenomena observed

the molecules\, B, andD showing a U-like shape in Fig. 8 here.

sit at the center of Ag or Si trimers. The distance betwBen

(or D) and C, however, is so small~0.8 nm that a large ACKNOWLEDGMENTS
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