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Local electronic properties of a molecular monolayer: C60 on Ag„001…
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We have spatially resolved the local electronic structure of a C60 monolayer on Ag~001! using scanning
tunneling spectroscopy atT57 K. Our measurements resolve four band states derived from C60 highest
occupied molecular orbital, lowest unoccupied molecular orbital~LUMO!, and LUMO11. We observe spatial
inhomogeneity in the energy-resolved local density of states, which reflects C60 internal structure. In addition,
we are able to resolve the molecular orientation of coexisting bright and dim C60 molecules 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
future technological applications.1 C60 films, for example,
have been shown to superconduct when doped with a
metals,2 and provide a foundation for transistor devi
functionality.3 In studies of C60/metal interfaces, the
C60/Ag(001) monolayer in particular has received sign
cant attention in recent years. This system has been show
exhibit a strong C60 charge transfer4 and a C60-C60 separation
even larger than that seen in the alkali-doped fullerene
perconductors~where the intermolecular spacing correlat
with Tc).

5,6 Though C60/Ag(001) has not been predicted
superconduct, recent photoemission measurements on
system showed the opening of an energy gap as temper
was lowered below 250 K.7 This gap has been speculated
originate from either superconductivity or a Jahn-Tel
distortion,7 but has yet to be observed using other techniqu

Previous scanning tunneling microscopy~STM! studies of
the C60/Ag(001) monolayer have focused on its unusu
geometric structure. These studies show that C60 forms a
complex overlayer featuring coexisting ‘‘bright’’ and ‘‘dim’
C60 molecules in a near 2:3 ratio.5 The bright and dim mol-
ecules organize into three distinct coexisting phases and
play a difference in height, which is nearly equal to t
Ag~001! lattice-plane spacing.5 The origin of the bright and
dim molecules is still unclear, but one possible mechanism
an underlying Ag surface reconstruction.8 C60-induced sur-
face reconstructions have been observed on several sur
such as Al~111!,9 Au~110!,10 Ni~110!,11 and Pd~110!.12 An-
other suggested mechanism involves large variations in e
tronic structure between monolayer molecules in the abse
of a Ag reconstruction.5,8,13 Such an effect might be cause
by different bonding geometries8,14,15 for bright and dim
molecules, leading to the apparent height differences
served for C60/Ag(001).

In order to better understand the electronic and geome
structures of C60 monolayers, we have conducted a scann
tunneling spectroscopy study of the C60/Ag(001) monolayer
at 7 K. We have performed energy-resolved spatial mapp
of the electronic density distribution for monolayer sta
derived from the HOMO~highest occupied molecular or
bital!, LUMO ~lowest unoccupied molecular orbital!, and
LUMO11 of C60. These spectroscopic images show loc
ized structures that reflect the electronic density distribut
0163-1829/2002/66~16!/161408~4!/$20.00 66 1614
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of individual C60 molecules. Spectroscopic measurements
the C60 monolayer do not show an energy gap near the Fe
energyEF as observed in photoemission experiments.7 The
density of states nearEF is similar to that observed for an
isolated C60 monomer,16 with small differences due to the
additional C60-C60 interaction and modified C60-Ag environ-
ment. Comparison of the properties of a C60 monolayer and
an isolated C60 monomer leads us to conclude that a A
surface reconstruction is the most probable cause for the
pearance of bright and dim molecules in the monolayer.

We performed our measurements using a homebuilt U
STM, cooled by a liquid-He bath via exchange gas. T
single-crystal Ag~001! substrate was cleaned in UHV by re
peated cycles of Ar-ion sputtering and annealing. C60 was
deposited onto the clean Ag surface using a calibrated t
mal boat evaporator. The total deposition was slightly le
than a monolayer, which allowed areas of bare Ag surfac
be used as a spectroscopic reference. Large, well-ordered60

domains~containing both bright and dim molecules!5,8 were
obtained by annealing the sample at;500 °C after deposi-
tion. The sample was then transferred in vacuum to the S
and cooled to 7 K.dI/dV spectra were measured throug
lock-in detection of the ac tunnel current driven by a 450 H
10 mV ~rms! signal added to the junction bias under ‘‘ope
loop’’ conditions.dI/dV images were acquired both throug
closed-loop~constant current! scanning and through open
loop ramping to the desired voltage at each data-acquisi
point.

Figure 1 shows a typical STM image of a C60 monolayer
on Ag~001! at 7 K. As seen in previous studies,5 we observe
bright and dim molecules with a frequency ratio of 37:63 a
apparent heights of 5.660.2 and 4.060.2 Å, respectively
~measured relative to a bare Ag terrace withV512.0 V, I
51 nA). Unlike previous STM studies, however, we are ab
to resolve the internal structure and orientations of the60
molecules in the C60/Ag(001) monolayer. Since the loca
tions of lobes in positive bias images correspond to the
cations of pentagons in the C60 cage structure,16,17 we ob-
serve that bright and dim molecules differ in the
predominant orientation. 99% of all bright molecules are o
ented with a 5-6 bond facing up, while 84% of all dim mo
ecules are oriented with a 6-6 bond facing up. 16% of d
©2002 The American Physical Society08-1
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molecules are oriented with an apex atom facing up. As sc
matically shown in Fig. 1~b!, the topmost 6-6 and 5-6 bond
for bright and dim molecules, respectively, are always
rected along either the@110# or @11I 0# Ag~001! crystallo-
graphic directions.

We performeddI/dV spectroscopic measurements on t
C60 monolayer in order to probe the electronic structure
this molecular film. Figure 2 shows a set of spectra taken
nine different points~as indicated in the inset! on a 5-6 bright
molecule~i.e., one with the 5-6 bond facing up!. These spec-
tra contain four main features: a shoulder at21.860.3 V
and peaks at 0.1560.03, 0.5560.03, and 1.7560.10 V. The

FIG. 1. ~a! 2003110 Å topograph of a C60/Ag(001) monolayer
(T57 K,V512.0 V,I 51 nA). ~b! Schematic diagram of the mos
commonly observed orientations for bright and dim C60 molecules
in the C60/Ag(001) monolayer~nodal lines are highlighted!.

FIG. 2. Spatially dependentdI/dV spectra measured for a singl
bright 5-6 molecule in a C60/Ag(001) monolayer. Spectra were
obtained at the grid points shown in the inset. All spectra, except
the bare Ag spectrum, are shifted for clarity.
16140
e-

-

f
at

relative amplitudes of these features reveal a strong spa
dependence not previously reported in spectroscopic cha
terizations of C60 monolayer systems.14,18All bright 5-6 mol-
ecules show nearly identical behavior, independent of th
local geometry. Changing the STM tip height from an ave
age junction resistance of 2 GV to one of 2 MV had little
effect on the observed spectral features other than sligh
increasing the relative amplitude of the 0.15 V peak.

The spectroscopic behavior of dim molecules is quali
tively very similar to the bright molecule behavior, as seen
the spatially averaged spectra of Fig. 3. Some differen
exist, however, such as a slight shift in peak locations an
broadening of resonance widths. The dim molecule spectr
shows a shoulder at21.760.3 V and peaks at 0.1160.03,
0.4960.03, and 1.6260.10 V. These spectral features ar
broadened by 20–50 % relative to the bright molecule sp
trum. In addition, the dim molecule spectrum shows
marked reduction in the 0.5 and 1.6 V peaks, and a sli
enhancement of the 0.1 V peak relative to the correspond
bright molecule features.

We performed low bias spectroscopic measurements
the C60 monolayer in order to look for signs of a Fermi-leve
energy gap. A typical result can be seen in the inset of Fig
and shows no sign of a gap opening. Extensive spectrosc
mapping of the C60 monolayer showed no significant devia
tions from this behavior.

In order to probe the spatial dependence of the obser
spectral features, we performed energy-resolveddI/dV map-
ping of the C60 monolayer. Figure 4~a! shows a constant
current topograph~12.0 V, 1 nA! of a typical 60360 Å
patch of C60 monolayer. Figures 4~b!–4~e! show dI/dV
maps taken over this same region at energies correspon
to bright molecule resonances. The spatial dependence o
molecular band at 1.65 V@Fig. 4~b!# shows filamentary elec-
tronic structure linking the different molecules. As bias vo
age is decreased to 0.55 V@Fig. 4~c!#, the filamentary density
pattern in nearly inverted, and intensity shifts to previous
r

FIG. 3. Spatially averaged spectra for bright and dim C60 mol-
ecules in the C60/Ag(100) monolayer, as well as for an isolated C60

molecule on the Ag~001! surface~all spectra are normalized atV
520.5 V). Inset: low bias spectrum of C60/Ag(001) monolayer
shows no features nearEF at T57 K ~this spectrum was taken ove
a bright molecule!.
8-2
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FIG. 4. Left panels show the same 60360 Å region of a
C60/Ag(001) monolayer.~a! Constant current topograph~12.0 V, 1
nA!; ~b! dI/dV map at 1.65 V;~c! dI/dV map at 0.55 V;~d! dI/dV
map at 0.15 V;~e! dI/dV map at21.8 V. Right panels show 25
325 Å dI/dV maps of an isolated C60 monomer on Ag~001! ~from
Ref. 16!. ~f! dI/dV map at 1.55 V;~g! dI/dV map at 0.42 V;~h!
dI/dV map at 0.00 V; and~i! dI/dV map at21.70 V.
16140
unoccupied regions. At 0.15 V@Fig. 4~d!#, the electron den-
sity is mostly shifted back to the filamentary structures o
served at 1.65 V. At21.80 V @Fig. 4~e!#, we see localized
charge-density buildup in regions different from those o
served in the other spectral maps.dI/dV maps taken at en
ergies corresponding to dim molecule resonances show s
lar behavior, but with heightened spectral intensity at d
molecule locations.

The electronic structure of the C60/Ag(001) monolayer is
best understood in light of the properties of an individual C60
molecule. In the energy range of our experiments, a C60 mol-
ecule exhibits a fivefold degenerate HOMO and threef
degenerate LUMO and LUMO11.19 These states broade
and split when a C60 molecule is adsorbed to the Ag~001!
surface. This can be seen in the dashed curve of Fig
which shows a spatially averaged STS spectrum for an
lated C60 molecule residing on Ag~001!. This spectrum has
all the main features observed in the monolayer spectrum
seen by the shoulder at21.760.3 V, and peaks at 0.02
60.02, 0.4160.03, and 1.6260.10 V. These monomer fea
tures correspond to the C60 HOMO manifold, a split LUMO
manifold, and the LUMO11 manifold, respectively.16 Com-
paring the single-molecule spectrum to the monolayer sp
tra in Fig. 3, we identify the21.8 V monolayer feature as
HOMO band, the 0.15 and the 0.55 V monolayer resonan
as split LUMO bands, and the 1.65 V monolayer resona
as a LUMO11 band. These spectra show that C60 mono-
layer formation causes the unoccupied monomer state
shift up in energy by;130 mV and broaden by 20–50 %
Slight differences between the bright and dim molecu
spectra likely arise from small differences in the C60-Ag en-
vironment of these species. Overall, the observed electr
structure shows that C60-C60 interaction plays only a smal
role in monolayer behavior compared to the domina
C60-Ag interaction.

This is further seen by comparingdI/dV spectral maps of
the C60/Ag(001) monolayer and an isolated C60 monomer.
The right column of Fig. 4 showsdI/dV maps obtained a
resonance energies for an isolated monomer oriented w
6-6 bond facing up~taken from Ref. 16!. Although the
monomer has a slightly rotated orientation relative to brig
monolayer molecules, it is clear from the figure that t
monolayer and monomer states have similar electronic d
sity distributions. The filamentary monolayer structures
1.65 and 0.15 V thus reflect the locations of carbon pen
gons @i.e., the bright rings in Fig. 4~f!#, while the localized
high-density regions observed in the monolayer HOMO ba
~21.80 V! can be identified with carbon double bonds~i.e.,
6-6 bonds!.

Comparison of the C60 monolayer to individual C60 mono-
mers provides new insight into the origin of bright and d
molecules in the C60/Ag(001) monolayer. First we conside
the height of C60 monomers. Isolated C60 on Ag~001! is ob-
served to have an apparent height of;5.7 Å, irrespective of
orientation.16 This insensitivity to surface orientation implie
that differences in electronic structure due to C60-Ag orien-
tation are an unlikely cause for bright-dim apparent hei
differences in the monolayer. Second, we consider spec
scopic behavior. The fact that bright monolayer, dim mon
8-3
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layer, and isolated monomer spectra are all nearly ident
implies that there is no significant difference in C60-Ag
bonding character between the three molecule types@in con-
trast to what is observed for C60/Si(111) ~Ref. 15!#. Strong
differences in the C60-Ag chemical bond5,8 are thus unlikely
to be the source of bright/dim formation. C60-induced modi-
fication of the underlying Ag surface~i.e., Ag surface recon-
struction! remains as the most plausible mechanism
bright/dim formation in C60/Ag(001) monolayers. The
broadening of dim molecule spectral features relative
bright molecule spectral features is consistent with the in
pretation that dim molecules are imbedded further into
Ag surface.

In conclusion, we have spatially resolved the local el
tronic structure and molecular orientation of a C60 monolayer
on Ag~001!. Our STS measurements show no evidence
anomalous Fermi-level gaps such as those observed in re
photoemission experiments.7 We believe that this rules ou
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the possibility of superconductivity in the C60/Ag(001)
monolayer. Our monolayer measurements are best un
stood by starting with the behavior of a C60 monomer and
considering the effects of additional C60-C60 interactions
and a modified C60-Ag environment. Comparison of C60
monomer and monolayer behavior shows that these eff
lead to a nearly rigid shift of the single-molecule electron
structure and a slight broadening of spectral features. S
comparisons allow us to further conclude that the coex
ence of bright and dim C60 molecules most likely originates
from an underlying Ag surface reconstruction.

We would like to thank Nathan Jenkins and Khoongho
Park for technical assistance. This work was supported
the Director, Office of Energy Research, Office of Basic E
ergy Science, Division of Material Sciences and Engine
ing, the US Department of Energy under Contract No. D
AC03-76SF0098.
s,

nd F.

o,

n,

e

ys.

a,

.

ys.
1C. Joachim and J. K. Gimzewski, Chem. Phys. Lett.265, 353
~1997!; C. Zeng, H. Wang, B. Wang, and J. G. Hou, Appl. Phy
Lett. 77, 3595~2000!.

2R. M. Fleming, A. P. Ramirez, M. J. Rosseinsky, D. W. Murph
R. C. Haddon, S. M. Zahurak, and A. V. Makhija, Nature~Lon-
don! 352, 787 ~1991!.

3R. C. Haddon, A. S. Perel, R. C. Morris, T. T. M. Palstra, A.
Hebard, and R. M. Fleming, Appl. Phys. Lett.67, 121~1995!; H.
Park, J. Park, A. K. L. Lim, Erik H. Anderson, A. P. Alivisatos
and P. L. McEuen, Nature~London! 407, 57 ~2000!.

4C. Cepek, M. Sancrotti, T. Greber, and J. Osterwalder, Surf.
454, 467 ~2000!.

5E. Giudice, E. Magnano, S. Rusponi, C. Boragno, and U. Valbu
Surf. Sci. Lett.405, L561 ~1998!; G. Costantini, S. Rusponi, E
Giudice, C. Boragno, and U. Valbusa, Carbon37, 727 ~1999!.

6V. Buntar, in Fullerenes: Chemistry, Physics, and Technolog,
edited by K. M. Kadish and R. S. Ruoff~Wiley, New York,
2000!, p. 691.

7C. Cepek, I. Vobornik, A. Goldoni, E. Magnano, G. Selvaggi,
Kröger, G. Panaccione, G. Rossi, and M. Sancrotti, Phys. R
Lett. 86, 3100~2001!.

8C. Cepek, R. Fasel, M. Sancrotti, T. Greber, and J. Osterwa
Phys. Rev. B63, 125406~2001!.
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