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Local electronic properties of a molecular monolayer: G, on Ag(001)
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We have spatially resolved the local electronic structure ofs@n@nolayer on A¢D01) using scanning
tunneling spectroscopy a@t=7 K. Our measurements resolve four band states derived frggrhighest
occupied molecular orbital, lowest unoccupied molecular orbitdMO), and LUMO+ 1. We observe spatial
inhomogeneity in the energy-resolved local density of states, which reflggtat€rnal structure. In addition,
we are able to resolve the molecular orientation of coexisting bright and girm@lecules in the monolayer.

This combination of topographic and spectroscopic measurements provides further evidence that the appear-
ance of bright and dim molecules originates from a Ag surface reconstruction.
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Fullerene-based thin films provide a unique scaffold forof individual Gy, molecules. Spectroscopic measurements of
future technological applicatiorisCy films, for example,  the G, monolayer do not show an energy gap near the Fermi
have been shown to superconduct when doped with alkabnergyE. as observed in photoemission experimérthe
metals; and provide a foundation for transistor device density of states ned, is similar to that observed for an
functionality® In studies of Gymetal interfaces, the isolated G, monomer® with small differences due to the

Ce0/Ag(001) monolayer in particular has received signifi- 5 y4itional Go-Ceo interaction and modified &-Ag environ-
cant attention in recent years. This system has been shown fo

S5 . ent. Comparison of the properties of go@onolayer and
exhibit a strong & charge tra.nsférand a (o Ceo Separation isolatedpgo monomer FI)eags us to ggnclude i/hat a Ag
even larger than that seen in the alkali-doped fullerene su- o

: : surface reconstruction is the most probable cause for the ap-
perconductorgwhere the intermolecular spacing correlates : . .
with T,).5 Though Go/Ag(001) has not been predicted to pearance of bright and dim molecules in the monola}_/er.
superconduct, recent photoemission measurements on thi We performed our m(_aasurements using a homebuilt UHV
system showed the opening of an energy gap as temperatupd M cooled by a liquid-He bath via exchange gas. The
was lowered below 250 KThis gap has been speculated to Single-crystal AQOOD substrate was cleaned in UHV by re-
originate from either superconductivity or a Jahn-TellerPeated cycles of Ar-ion sputtering and annealing, ®as
distortion but has yet to be observed using other techniquesdeposited onto the clean Ag surface using a calibrated ther-

Previous scanning tunneling microsco{@TM) studies of mal boat evaporator. The total deposition was slightly less
the Gy/Ag(001) monolayer have focused on its unusualthan a monolayer, which allowed areas of bare Ag surface to
geometric structure. These studies show thgg 16rms a  be used as a spectroscopic reference. Large, well-ordeged C
complex overlayer featuring coexisting “bright” and “dim” domains(containing both bright and dim molecujé8 were
Ceo Molecules in a near 2:3 ratfoThe bright and dim mol-  obtained by annealing the sample-ab00 °C after deposi-
ecules organize into three distinct coexisting phases and di¢ion. The sample was then transferred in vacuum to the STM
play a difference in height, which is nearly equal to theand cooled to 7 Kdl/dV spectra were measured through
Ag(001) lattice-plane spacing.The origin of the bright and lock-in detection of the ac tunnel current driven by a 450 Hz,
dim molecules is still unclear, but one possible mechanism i¢0 mV (rms) signal added to the junction bias under “open-
an underlying Ag surface reconstructidiCgrinduced sur- loop” conditions.dI/dV images were acquired both through
face reconstructions have been observed on several surfacgesed-loop(constant curreftscanning and through open-
such as Al111),° Au(110),'° Ni(110,** and Pd110.*> An-  loop ramping to the desired voltage at each data-acquisition
other suggested mechanism involves large variations in elegoint.
tronic structure between monolayer molecules in the absence Figure 1 shows a typical STM image of gddnonolayer
of a Ag reconstructiofi®'3 Such an effect might be caused on Ag(001) at 7 K. As seen in previous studigsye observe
by different bonding geometrig&**® for bright and dim  bright and dim molecules with a frequency ratio of 37:63 and
molecules, leading to the apparent height differences obapparent heights of 5:60.2 and 4.6:0.2 A, respectively
served for Gy/Ag(001). (measured relative to a bare Ag terrace Witk +2.0V, |

In order to better understand the electronic and geometrie=- 1 nA). Unlike previous STM studies, however, we are able
structures of g monolayers, we have conducted a scanningo resolve the internal structure and orientations of thg C
tunneling spectroscopy study of thg,CAg(001) monolayer molecules in the g/Ag(001) monolayer. Since the loca-
at 7 K. We have performed energy-resolved spatial mappingjons of lobes in positive bias images correspond to the lo-
of the electronic density distribution for monolayer statescations of pentagons in theggcage structuré®t’ we ob-
derived from the HOMO(highest occupied molecular or- serve that bright and dim molecules differ in their
bital), LUMO (lowest unoccupied molecular orbifaland  predominant orientation. 99% of all bright molecules are ori-
LUMO+1 of Cgy. These spectroscopic images show local-ented with a 5-6 bond facing up, while 84% of all dim mol-
ized structures that reflect the electronic density distributiorecules are oriented with a 6-6 bond facing up. 16% of dim
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FIG. 3. Spatially averaged spectra for bright and digg @ol-
ecules in the g/Ag(100) monolayer, as well as for an isolateg C
molecule on the A@01) surface(all spectra are normalized &t
=—0.5V). Inset: low bias spectrum ofg/Ag(001) monolayer
shows no features nek&i- at T=7 K (this spectrum was taken over
a bright moleculg

FIG. 1. (a) 200x 110 A topograph of a g/Ag(001) monolayer
(T=7K,V=+2.0V,I=1nA). (b) Schematic diagram of the most
commonly observed orientations for bright and dirg, @0lecules
in the Go/Ag(001) monolayeKnodal lines are highlighted

relative amplitudes of these features reveal a strong spatial
molecules are oriented with an apex atom facing up. As schedependence not previously reported in spectroscopic charac-
matically shown in Fig. (b), the topmost 6-6 and 5-6 bonds terizations of G, monolayer system¥:*8All bright 5-6 mol-
for bright and dim molecules, respectively, are always di-ecules show nearly identical behavior, independent of their
rected along either thgl10] or [110] Ag(001) crystallo- local geometry. Changing the STM tip height from an aver-
graphic directions. age junction resistance of 2(&5to one of 2 M) had little

We performedd|/dV spectroscopic measurements on theeffect on the observed spectral features other than slightly
Cso monolayer in order to probe the electronic structure ofincreasing the relative amplitude of the 0.15 V peak.
this molecular film. Figure 2 shows a set of spectra taken at The spectroscopic behavior of dim molecules is qualita-
nine different pointgas indicated in the insebn a 5-6 bright  tively very similar to the bright molecule behavior, as seen in
molecule(i.e., one with the 5-6 bond facing uprhese spec- the spatially averaged spectra of Fig. 3. Some differences
tra contain four main features: a shoulder-af.8£0.3V  exist, however, such as a slight shift in peak locations and a
and peaks at 0.150.03, 0.55-0.03, and 1.7%0.10 V. The broadening of resonance widths. The dim molecule spectrum

shows a shoulder at 1.7+0.3 V and peaks at 0.110.03,
4 . ' . 0.49+0.03, and 1.620.10 V. These spectral features are
g) Bright 5-6 Molecule broadened by 20-50 % relative to the bright molecule spec-
C /Ag(001) trum. In addition, the dim molecule spectrum shows a
60 - marked reduction in the 0.5 and 1.6 V peaks, and a slight
' . enhancement of the 0.1 V peak relative to the corresponding
bright molecule features.

We performed low bias spectroscopic measurements on
the G monolayer in order to look for signs of a Fermi-level
energy gap. A typical result can be seen in the inset of Fig. 3,
and shows no sign of a gap opening. Extensive spectroscopic
mapping of the gy monolayer showed no significant devia-
tions from this behavior.

In order to probe the spatial dependence of the observed
spectral features, we performed energy-resotvédV map-
ping of the Gy monolayer. Figure @ shows a constant
current topograpH+2.0 V, 1 nA of a typical 6060 A
3 patch of G, monolayer. Figures (#)—4(e) show dl/dV

Sam ple Bias (V) maps taken over this same region at energies corresponding
to bright molecule resonances. The spatial dependence of the

FIG. 2. Spatially dependent/dV spectra measured for a single molecular band at 1.65 Wig. 4b)] shows filamentary elec-
bright 5-6 molecule in a §/Ag(001) monolayer. Spectra were tronic structure linking the different molecules. As bias volt-
obtained at the grid points shown in the inset. All spectra, except foage is decreased to 0.55Mig. 4(c)], the filamentary density
the bare Ag spectrum, are shifted for clarity. pattern in nearly inverted, and intensity shifts to previously
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Monolayer unoccupied regions. At 0.15 Wig. 4(d)], the electron den-
sity is mostly shifted back to the filamentary structures ob-

served at 1.65 V. At-1.80 V [Fig. 4(e)], we see localized
(a) charge-density buildup in regions different from those ob-
Topo. Single served in the other spectral majd/dV maps taken at en-
2 00V Molecule ergies corresponding to dim molecule resonances show simi-
(Monomer) lar behavior, but with heightened spectral intensity at dim
molecule locations.
The electronic structure of thegg Ag(001) monolayer is
best understood in light of the properties of an individug) C
molecule. In the energy range of our experimentsganil-

ecule exhibits a fivefold degenerate HOMO and threefold
degenerate LUMO and LUM®1.° These states broaden
and split when a g molecule is adsorbed to the A1)
surface. This can be seen in the dashed curve of Fig. 3,
which shows a spatially averaged STS spectrum for an iso-
lated Gy molecule residing on A@01). This spectrum has

all the main features observed in the monolayer spectrum, as
seen by the shoulder at1.7+0.3V, and peaks at 0.02
+0.02, 0.410.03, and 1.620.10 V. These monomer fea-
tures correspond to thegCHOMO manifold, a split LUMO
manifold, and the LUMG- 1 manifold, respectivel} Com-
paring the single-molecule spectrum to the monolayer spec-

(c) + (9) tra in Fig. 3, we identify the-1.8 V monolayer feature as a
di/dv = HOMO band, the 0.15 and the 0.55 V monolayer resonances
0.55V as split LUMO bands, and the 1.65 V monolayer resonance

as a LUMO+1 band. These spectra show thajy @ono-
layer formation causes the unoccupied monomer states to
shift up in energy by~130 mV and broaden by 20-50 %.
Slight differences between the bright and dim molecular
spectra likely arise from small differences in thgy@g en-
vironment of these species. Overall, the observed electronic
structure shows that g Cgq interaction plays only a small
role in monolayer behavior compared to the dominant
Cso-Ag interaction.

This is further seen by comparimtj/dV spectral maps of
the G/Ag(001) monolayer and an isolatedddnonomer.
The right column of Fig. 4 showdl/dV maps obtained at
resonance energies for an isolated monomer oriented with a
6-6 bond facing up(taken from Ref. 1§ Although the
monomer has a slightly rotated orientation relative to bright
monolayer molecules, it is clear from the figure that the
monolayer and monomer states have similar electronic den-
sity distributions. The filamentary monolayer structures at
1.65 and 0.15 V thus reflect the locations of carbon penta-
gonsJi.e., the bright rings in Fig. @)], while the localized
high-density regions observed in the monolayer HOMO band
(—1.80 V) can be identified with carbon double bon(le.,

6-6 bonds.

Comparison of the g5 monolayer to individual g, mono-
mers provides new insight into the origin of bright and dim
molecules in the g/Ag(001) monolayer. First we consider

FIG. 4. Left panels show the same 5660 A region of a  the height of G, monomers. Isolated g on Ag(001) is ob-
Ceo/Ag(001) monolayer(a) Constant current topogragh-2.0v, 1 S€rved to rl‘gve_ar_‘ apparent height-c8.7 A, irrespective of
nA): (b) d1/dV map at 1.65 V{c) d1/dV map at 0.55 V{d) di/dv  Orientation.” This insensitivity to surface orientation implies
map at 0.15 Vi(e) dI/dV map at—1.8 V. Right panels show 25 that differences in electronic structure due tgy@g orien-

% 25 A dI/dV maps of an isolated g monomer on A¢001) (from  tation are an unlikely cause for bright-dim apparent height
Ref. 16. (f) dI/dV map at 1.55 V;(g) dI/dV map at 0.42 Vi(h) differences in the monolayer. Second, we consider spectro-
dl/dV map at 0.00 V; andi) dI/dV map at—1.70 V. scopic behavior. The fact that bright monolayer, dim mono-
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layer, and isolated monomer spectra are all nearly identicahe possibility of superconductivity in the ¢§Ag(001)
implies that there is no significant difference ing®g  monolayer. Our monolayer measurements are best under-
bonding character between the three molecule tyjpeson-  stood by starting with the behavior of g¢monomer and
trast to what is observed forg?Si(111) (Ref. 15]. Strong  considering the effects of additionalg&Cq, interactions
differences in the g-Ag chemical bond?® are thus unlikely and a modified G-Ag environment. Comparison of ¢§
to be the source of bright/dim formationggnduced modi-  monomer and monolayer behavior shows that these effects
fication of the underlying Ag surfacg.e., Ag surface recon- |ead to a nearly rigid shift of the single-molecule electronic
struction remains as the most plausible mechanism forstructure and a slight broadening of spectral features. Such
bright/dim formation in Gy/Ag(001) monolayers. The comparisons allow us to further conclude that the coexist-
broadening of dim molecule spectral features relative taence of bright and dim & molecules most likely originates
bright molecule spectral features is consistent with the interfrom an underlying Ag surface reconstruction.
pretation that dim molecules are imbedded further into the
Ag surface. We would like to thank Nathan Jenkins and Khoonghong
In conclusion, we have spatially resolved the local elecPark for technical assistance. This work was supported by
tronic structure and molecular orientation of g@onolayer the Director, Office of Energy Research, Office of Basic En-
on Ag(001). Our STS measurements show no evidence oergy Science, Division of Material Sciences and Engineer-
anomalous Fermi-level gaps such as those observed in receng, the US Department of Energy under Contract No. DE-
photoemission experimentsWe believe that this rules out AC03-76SF0098.
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