VOLUME 90, NUMBER 9

PHYSICAL REVIEW LETTERS

week ending
7 MARCH 2003

Spatially Mapping the Spectral Density of a Single C¢, Molecule
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We have used scanning tunneling spectroscopy to spatially map the energy-resolved local density of
states of individual Cg, molecules on the Ag(100) surface. Spectral maps were obtained for molecular
states derived from the C¢y HOMO, LUMO, and LUMO + 1 orbitals, revealing new details of the
spatially inhomogeneous Cg, local electronic structure. Spatial inhomogeneities are explained using
ab initio pseudopotential density functional calculations. These calculations emphasize the need for
explicitly including the Cqy-Ag interaction and STM tip trajectory to understand the observed Cg, local

electronic structure.
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The most basic fullerene structure is the Cq, molecule.
Since its discovery in 1985 [1], Cg4, has been used as the
fundamental component of a variety of new carbon nano-
structures. Examples include endohedral fullerenes [2],
peapod nanotubes [3], Cqy dimers [4], and single-
molecule transistors [5]. Because of the potential for
new applications, great efforts are being made to under-
stand the physical and chemical properties of Cg, mole-
cules on various substrates [6—12]. Much of this effort is
aimed at determining how the Cgy-substrate interaction
alters local molecular electronic structure, and is an
important step on the road toward creating controllable
single-molecule technologies.

The electronic behavior of Cg, on various surfaces
has been studied extensively using different techniques.
Photoelectron spectroscopies have shown energy-level
splitting in the highest occupied molecular orbital
(HOMO) states and lowest unoccupied molecular orbital
(LUMO) states for various monolayer systems [7]. X-ray
diffraction has also been used to measure the orientation
of Cgy molecules in monolayer systems [8]. Determining
the local properties of isolated Cq, molecules, however,
requires scanned probe microscopy. A number of STM
studies have been performed to characterize the topo-
graphic structure of Cgq, on different surfaces [9,10].
STM spectroscopic studies of Cq, have shown features
associated with HOMO and LUMO states [11,12]. These
spectroscopic measurements, however, were either spa-
tially averaged or obtained at only one point on a mole-
cule, and so ignore intramolecular spatial inhomogeneity
in the electronic structure. Full characterization of the
spatially inhomogeneous Cg, molecular states requires
energy-resolved spectroscopic mapping, which has here-
tofore been lacking.

Here we report the first energy-resolved spectroscopic
mapping of the molecular states of a single Cqy, molecule
at a metal surface. Using scanning tunneling spectros-
copy we have spatially mapped the energy-resolved spec-
tral density for the HOMO, LUMO, and LUMO + 1
states of Cgy on Ag(100). We observe strong spatial in-
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homogeneity in the spectral density which reflects the
structure and symmetry of Cgy molecular orbitals at
different energies. In addition, we see enhanced splitting
of the Cqy LUMO states in the vicinity of the Fermi
energy (Er) and are able to map out the spatial structure
of molecular states near Ej. In order to understand the
microscopic origin of this behavior, we have performed
density functional theory (DFT) calculations for Cg at a
silver surface. Comparison between these calculations
and experimental results gives us new insight into how
Cso electronic structure is modified via interaction with
the Ag(100) surface and how this affects local density
distributions. We find that precise comparison between
experimental and theoretical images must take into ac-
count influences of the STM tip trajectory.

Our experiments were conducted using a homebuilt
ultrahigh vacuum (UHV) STM. The single-crystal
Ag(100) substrate was cleaned in UHV and dosed with
Cqo after being cooled to 7 K. dI/dV spectra were mea-
sured through lock-in detection of the ac tunneling cur-
rent driven by a 450 Hz, 10 mV (rms) signal added to the
junction bias under open-loop conditions (bias voltage
here is defined as the sample potential referenced to the
tip). dI/dV images were acquired by positioning the STM
tip at each point at constant current and then measur-
ing dI/dV.

Figure 1 shows a representative 400 A x 400 A topo-
graph of Cg, molecules on the Ag(100) surface (V =
2.0V, I =0.3nA). Most Cg, molecules reside at Ag
step edges with an apparent height of 5.7 + 0.3 A. We
carefully examined ~90 C¢, molecules using many dif-
ferent tips and observed four distinct orientations, as
shown in the insets. These topographs clearly resolve
segmented structures on the Cgy molecule. Assuming
the segments correspond to the pentagon rings of a Cg
molecular cage, we can deduce the orientation of the four
molecules shown in the insets. From left to right, the
topmost features are a 6:6 bond (i.e., the bond separating
two adjacent hexagonal carbon rings), an apex atom, a
hexagon ring, and a 5:6 bond (i.e., the bond separating a
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FIG. 1. Constant current topograph of Cqy on Ag(100) at T =
7K (V=20V, I =0.3nA). Insets: close-ups of the four
observed molecular orientations.

pentagon ring and a hexagon ring). These orientations
were observed with a distribution of 47%, 27%, 16%, and
10%, respectively.

In order to understand the local electronic structure of
Cqo adsorbates, we measured differential conductance
(dI/dV) spectra at different sites on individual Cg, mole-
cules. Figure 2 shows typical dI/dV spectra measured at
nine different spots over a single Cqy molecule located at
a Ag(100) step edge. These results were not sensitive to
molecular orientation. The most striking features in the
Cgo spectra are three peaks centered at 1.62 = 0.10,
0.41 £ 0.03, 0.02 £ 0.04 V, and a shoulder at —1.70 =
0.30 V [13]. These resonances display strong spatial in-
homogeneity, as shown by the variation in the spectra
from point to point. Changes in the peak intensity of the
resonance at 0.4 V appear to be inversely related to
changes in the intensity of the peaks at 1.6 Vand Ep.

The spatial inhomogeneity of the observed spectra for
Cyo arises from the local density of states (LDOS) dis-
tribution of the different molecular orbitals. Constant
current STM topographs hint at this structure, but do
not yield direct orbital resolution since they integrate
over a number of molecular states. In order to experimen-
tally untangle the behavior of individual Cg, molecular
orbitals, one must perform energy-resolved spectral map-
ping of the molecule. This is accomplished by spatially
mapping dI/dV at a constant voltage over the molecule’s
surface. In the left side of Fig. 3 we present energy-
resolved spectroscopic maps of one Cg, molecule taken
at the energies of the four resonances observed in our
spectra (all images were acquired with the same tip). The
dl/dV map of the highest energy resonance [1.6 V,
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FIG. 2. dI/dV spectra of a single Cgy on Ag(100) at T = 7 K.
Spectra 1-9 were taken at indicated spots on the inset image
and are shifted vertically for clarity. Tunneling parameters
were V =2.0V, I = 1.0 nA before taking the spectra. The
lowest spectrum was obtained from the bare Ag(100) surface
and is not shifted.

Fig. 3(c)] shows clearly resolved “bright rings,” indicat-
ing LDOS buildup at the expected sites of Cq, pentagon
rings. At the 0.4 V resonance [Fig. 3(d)], however, we see a
near inversion of the LDOS observed at 1.6 V. The spec-
tral map of the Ej resonance shows nodal structure
around the bright ring feature, while the map of the
lowest energy state ( — 1.7 V shows a network of LDOS
peaks displaced from the high density regions observed at
other energies. Comparison of the dI/dV maps to con-
stant current topographs [Figs. 3(b) and 3(g), ] shows that
the dI/dV maps reveal detail in the electronic structure
that cannot be observed in topographs alone.

We have carried out ab initio pseudopotential density
functional [14,15] calculations aimed at understanding
the nature of the spatially varying electronic structure
observed in our spectral mapping of Cgy. These calcula-
tions were performed using the SIESTA code [16,17] with a
double-{ basis set and the local density approximation
(LDA). Figure 4(a) shows the calculated spectrum of
states for a free Cqy molecule, which is consistent with
previous DFT work [18]. The LDA HOMO-LUMO gap
and LUMO-LUMO + 1 gap for free C¢, are comparable to
the energy separation between experimentally observed
resonances. We note that owing to charge transfer from
the Ag surface, the experimentally observed lowest
LUMO states are partially occupied and lead to a smal-
ler apparent HOMO-LUMO gap than that seen for a
neutral Cgy molecule. The free Cg, theoretical spec-
trum, however, does not account for the strong splitting
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FIG. 3. Comparison of experimental scanning tunneling
spectroscopy images of a single Cqy molecule on Ag(100)
with theory. Left column shows experimental results: (b) topo-
graph taken at 2.0 V, (¢)—(f) dI/dV maps taken at V = 1.6 V,
04V, 00V, —1.7V, (g) topograph taken at —1.8 V. Right
column shows results of DFT calculation: (b) simulated topo-
graph for V.= 2.0 V, (¢)—(f) energy resolved electron density
maps at E=1.2¢eV, 03 eV, 0.0 eV, —1.6 eV, (g) simulated
topograph for V = —1.8 V. Constant current topographs are
visualized as 3D rendered surfaces while experimental and
calculated spectral maps are visualized as 2D projections.
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experimentally observed among the LUMO states, where
a difference of nearly 0.4 eV is observed between peaks,
since it neglects the Cgy-substrate interaction.

Modeling this interaction by simply deforming free Cg,
(up to 5%) or by applying an electric field to it (up to
0.5 V/A) did not reproduce the observed splitting. Expli-
citly including the Ag substrate, however, produces a
spreading of 0.4 eV in the LUMO states, closely reproduc-
ing what is seen experimentally. Figure 4(b) shows the
calculated LDOS of a C4y molecule positioned with a 6:6
bond directly above a Ag(100) substrate atom. The elec-
tronic LDOS (averaged over a hemispherical shell of
radius 5.5 A) of the Cg, molecule was calculated using
eight k-points in the Brillouin zone of a supercell con-
taining 200 surface atoms and four atomic layers of Ag.
The Cgy molecule and top layer of the substrate were
allowed to relax, leading to a uniaxial elongation of the
molecule by ~1.6% normal to the surface. We identify the
experimentally observed resonances at Er and 0.4 eV
with local maxima of the LUMO states seen at 0.0 and
0.3 eV in this calculation. The calculated LUMO + 1
maximum is located at 1.2 eV above E, as compared to
the experimentally observed state at 1.6 V. Agreement
between experimental and theoretical spectra in Fig. 4 is
quite good, and the remaining differences are consistent
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FIG. 4. Calculated density of states for (a) a free Cgy mole-
cule, and (b) an individual C¢y, molecule adsorbed to a Ag(100)
substrate (LDOS here is integrated over a 5.5 A radius hemi-
spherical shell above the Cq, molecule for states associated
with 8 different k points). (c) Experimental Cq, dI/dV spectra
from Fig. 2 (curves not vertically shifted here).
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with expected quasiparticle self-energy corrections,
which enlarge the gap between occupied and unoccupied
levels as well as quasiparticle level spacings as compared
to LDA eigenvalues [19].

In order to check the orbital assignments, we compared
the spatial distribution of calculated molecular states
(ranging from HOMO to LUMO + 1) with the experi-
mentally determined spectral maps. Energy-resolved im-
ages of the calculated Cqy/Ag(100) states at 1.2, 0.3, 0.0,
and —1.6 eV (with respect to Er) can be seen on the right
side of Fig. 3. In order to account for the actual trajectory
of the STM tip [20], the theoretical images were obtained
by calculating the energy-resolved electronic LDOS on a
simulated constant current surface. Such constant current
surfaces were generated by integrating the LDOS from
Er to the bias voltage, and reproduce experimental topo-
graphs nicely [Figs. 3(b) and 3(g)]. The energy-resolved
LDOS maps account well for the experimentally ob-
served spatial and energetic variations in spectral density.
The bright ring structures observed in experimental
dI/dV maps of the LUMO + 1 state are confirmed to
originate from pentagon rings, while bright antinodes in
the dI/dV map of the HOMO state are seen to originate
from 6:6 double bonds. The experimentally observed
nodal structure of the low energy LUMO state is repro-
duced in the calculation, as well as a density inversion
between LUMO and LUMO + 1 states.

We also performed the simpler theoretical procedure of
calculating LDOS density maps over a hemisphere of
constant radius around the Cgy molecule. This reproduced
the main features of the dI/dV maps at —1.7, 0.0, 1.6 V,
but was completely unable to account for the density
inversion seen at 0.4 V. The dI/dV map at this energy
can be reconciled only with actual molecular electronic
structure by taking into account the fact that experimen-
tally the STM tip actually travels over a contour of
constant energy-integrated LDOS, rather than a perfect
hemisphere. Though an LDOS inversion exists on this
contour, there is no global LDOS inversion between the
0.4 and 1.6 V states.

In conclusion, we have measured the orientation and
electronic structure of individual Cg, molecules at the
Ag(100) surface. We observe strong spatial inhomogene-
ity over the surface of a single molecule, and strong
splitting of spectroscopic peaks. Spatial variations in
Ceo spectral density were mapped using energy-resolved
STM imaging techniques for the first time. These results
can be understood using LDA calculations that emphasize
the important role played by the Ag substrate in modify-
ing the electronic structure of adsorbed Cgy. Some mo-
lecular features seen in Cg, spectroscopic maps, however,
can be understood only by accounting for the trajectory of
the STM tip. This has general implications for the inter-
pretation of STM spectral maps of electronically inho-
mogeneous molecular systems.
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