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Scanning tunneling microscopy was used to characterize the lowest unoccupied molecular orbitals
�LUMO�, up to LUMO+3, of individual C60 molecules within monolayer films on Cu�100�. On this
surface C60 orients in four distinct configurations with respect to the substrate. Tunneling
spectroscopy and spectroscopic imaging were used to identify the energies and spatial distributions
of the molecular orbitals. We find that the LUMO shifts by �200 meV depending on the orientation
of the molecule, which suggests charge transfer between the surface and molecule is orientation
dependent. Orientation-dependent shifts were also observed for the higher unoccupied molecular
orbitals. © 2011 American Institute of Physics. �doi:10.1063/1.3569719�

Since their discovery in 1985, C60 fullerenes have been
extensively used in a variety of devices including diodes,
transistors, and solar cells. As with traditional semiconductor
devices, the successful implementation of organometallic de-
vice architectures requires understanding and engineering of
the interface to electrodes. Precise knowledge of nanoscale
morphology, molecule/metal band alignments, and interfacial
charge transfer is necessary. For example, hole injection in
organic heterostructures has been enhanced by a C60 inter-
layer which favorably alters the energy bands of the hole
transporting layer relative to the electrode Fermi energy.1

Scanning tunneling microscopy �STM� has contributed
to the understanding of the molecular orientations and local
electronic structure of C60 on a variety of metal and semi-
conductor surfaces. For example, the highest occupied mo-
lecular orbital �MO�, lowest unoccupied MO �LUMO� as
well as the next LUMO �LUMO+1� have been measured,
with respect to the Fermi level of the substrate, for C60 on
Ag,2 Au,3 and Al4 as well as different surface orientations
such as Cu�111�5 and Cu�100�.6 Perhaps due to limited tip
stability and dynamic range of STM current amplifiers, there
have been few studies of the MOs at higher energies �i.e.,
LUMO+2, +3 etc.�.6 The alignment of such orbitals with
respect to unoccupied bands in the metal
substrate influences, for example, photoinduced electron
transfer.7

Here we present an STM study of individual C60 mol-
ecules, which adopt one of four orientations within
monolayer-thick films on Cu�100�. Tunneling spectroscopy
reveals peaks associated with unoccupied MOs up to
LUMO+3. We find that the LUMO varies by �0.2 eV for
different molecules in the film, indicating that charge transfer
depends on the molecular orientation. We also observe varia-
tion in the peak positions for the LUMO+1, +2, and +3
states, which may reflect a spatially dependent overlap of the
MOs with the underlying copper lattice. Spatial maps of the
local density of states �LDOS� associated with the unoccu-
pied MOs compare well to available calculations.

Data were collected using a Createc LT-STM at 5.3 K in
ultrahigh vacuum ��1�10−10 mbar�. The Cu�100� sample
was cleaned with cycles of Ar+ sputtering and annealing to
550 °C. An average C60 coverage of �0.5 monolayers was

achieved by 2 min of thermal evaporation from an alumina
crucible onto the sample at room temperature, followed by 1
min of annealing at 330 °C. Data were collected using a cut
Ir tip prepared with in situ field emission, voltage pulses, and
controlled contact with the surface. To characterize the elec-
tronic states of C60, we employed two tunneling spectros-
copy modes. In “constant height” mode, the STM feedback
was turned off, and the tunnel current, I, was recorded as a
function of voltage V. The differential conductance, dI /dV �Z,
was measured by lock-in amplifier detection of the ac tunnel
current induced by adding a 5 mVrms, 855 Hz modulation to
the voltage. At low voltages, dI /dV �Z is proportional to the
convolved tip and sample LDOS. To resolve the local elec-
tronic structure of C60 over a larger voltage range, we also
employed a “constant current” mode, where the STM feed-
back loop maintains a constant current by varying the tun-
neling gap as the voltage is varied.8 This mode also allowed
us to spatially map the density of states at a fixed energy by
simultaneously recording the lock-in signal as the tip was
scanned. Because the large electric field in the tunnel junc-
tion may change the tip’s termination or the molecular film,
we regularly checked tunneling spectra and images to avoid
possible artifacts.

Figure 1�a� shows an STM image of a monolayer-thick
island of C60; bright and dim stripes appear oriented along

a�Electronic mail: gupta.208@osu.edu.

FIG. 1. �Color online� STM images of C60 on Cu�100� �a� Large scale image
illustrating the characteristic bright and dark rows. �2.25 V, 500 pA�. �b� Ball
and stick representations of four orientations on Cu�100�. �c� High reso-
lution STM image. Color and filtering were applied to emphasize contrast.
�1.5 V, 300 pA�.
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the �011� or �011̄� directions which are attributed to a miss-
ing row reconstruction of the underlying Cu surface.2,9

Bright molecules bridge a single missing row of Cu while
dark molecules bridge two missing rows. In addition to this
structure, Schull et al. has previously reported four distinct
orientations of C60 on Cu�100�.6 The orientations are charac-
terized by the molecular feature closest to surface �and by
symmetry, the tip�: 5:6 bond �i.e., the bond between a pen-
tagon and hexagon�, 6:6 bond, hexagon ring, and pentagon
ring �Figs. 1�b� and 1�c��. We find the dark rows contain the
pentagon and hexagon orientations while the bright rows
contain the 6:6 and 5:6 orientations. An understanding of the
origin and ordering of the four orientations on Cu�100� re-
quires further experimental studies �such as predeposition
and postdeposition temperature dependence� and density
functional theory calculations to determine the adsorption
energetics. We note that STM studies at temperatures above
100 K do not show clear evidence for these multiple
orientations.10 On other surfaces, charge transfer, surface re-
construction, and strong intermolecular interactions are
thought to contribute.11–15

The differential conductance spectra in Fig. 2�a� show a
series of peaks corresponding to unoccupied MOs of C60.
The LUMO is assigned to the first peak above the Fermi
energy �EF=0V�; subsequent peaks are assigned to higher
MOs: LUMO+1, LUMO+2, and LUMO+3. Upon absorp-
tion, charge is transferred from the metal surface to the elec-
tron affine C60, partially occupying the LUMO. It is gener-
ally thought that proximity of the LUMO to EF, which is
closer for metals with smaller work functions,16 correlates
with greater charge transfer. For example, prior STM studies
of C60 on Au�111� ��=5.4 eV �Ref. 17�� and Cu�100� ��
=4.6 eV �Ref. 18�� show LUMO peaks at 1 eV �Ref. 3� and
0.4 eV,6 respectively. Averaged across orientations of C60 on
Cu�100�, we find a LUMO peak at 0.37 V, consistent with
prior STM studies.6 Based on this peak position, we con-
clude that the magnitude of charge transfer from the Cu�100�
surface to C60 is larger than from Au�111�.

Averaged across orientations, we observe the higher
LUMO+1,+2,+3 at 1.57 V, 3.02 V, and 3.69 V, respectively.
Our STM measurement of the higher lying unoccupied MOs
is in qualitative agreement with inverse photoemission data19

for multilayer C60 on Cu�100�. A quantitative comparison

with this study is difficult due to the different coverage re-
gimes studied. It is known that MO energies shift for
multilayer coverages since the second and higher layers are
partially decoupled from the interface.20

Closer inspection of Fig. 2�a� indicates that MO peak
positions vary with molecular orientation. To quantify these
variations, we must first study the dependence of tunneling
spectra on the tip’s position over the molecule.2,3 We mea-
sured dI /dV �Z �for the LUMO and LUMO+1 states� and
dI /dV �I �for the LUMO+2,+3� at up to 13 spatially distinct
points for each molecular orientation. Figures 2�b�–2�d�
show data for the LUMO+1 of pentagon-down C60. As spec-
tra are taken at different locations on the molecule �e.g.,
colored points in Fig. 2�b��, MO peak positions may vary by
up to 0.2 eV �e.g., Fig. 2�c��, comparable to or larger than
variations due to different orientations. While these position
dependent shifts have been attributed to the tip induced elec-
tric field,21 Grobis et al. observed no shifts in MO energies
when systematically changing the local field by varying the
tunneling gap distance.2 Variation in dI /dV spectra with tip
position over the C60 molecule may instead reflect a super-
position of MO’s with underlying copper states, MO overlap
�particularly for the closely spaced LUMO+2,+3� or per-
haps spatial variation in electron-phonon coupling.22

Therefore, in assigning a specific voltage for each MO
peak, we believe it is important to first locate the tip to maxi-
mize the associated LDOS. In Fig. 2�c�, for example, the
LUMO+1 for the pentagon-down orientation has maximum
LDOS at the edges of the molecule, rather than at the center.
We confirm this spatial variation by also acquiring spatial
maps of dI /dV for each MO, such as in Fig. 2�d� for the
LUMO+1. The bright regions in this map indicate maximum
LDOS near the edges, while the dark region corresponding
to minimum LDOS occurs at the center. We thus report in
Table I the peak voltage with the tip positioned at the edge
�e.g., blue curve in Fig. 2�c�� for the LUMO+1 of the
pentagon-down orientation.

Figure 3 shows similar dI /dV maps up to LUMO+3 for
the four orientations observed on Cu�100�. The spectra in
Fig. 2�a� were acquired with the tip positioned to maximize
each MO resonance, consistent with these spatial maps.
Table I summarizes the extracted MO peak voltages up to
LUMO+3 for each orientation. The LUMO peak positions
vary by 150 meV with orientation, suggesting some sensitiv-
ity of charge transfer to molecular orientation. Prior STM
measurements by Schull et al. showed approximately 40
meV variations with orientation, but these data were col-
lected at the molecular center, where the LUMO may have
low LDOS.6 Based on the proposed missing row reconstruc-
tion of the underlying Cu surface,6,9 the 5:6 and 6:6 orienta-

FIG. 2. �Color online� Spectroscopy and imaging of unoccupied MOs. �a�
Tunneling spectroscopy showing peaks from LUMO up to LUMO+3.
dI /dV data for V�1 V are taken at constant tip height �2.25 V, 300 pA�.
dI /dV data for V�1 V are taken at constant current �300 pA�. �b� STM
image of the pentagon orientation �1.5 V, 300 pA�. �c� Constant height
dI /dV spectra taken at the points indicated in �b�. �d� Spatial map of dI /dV
corresponding to the LUMO+1 �1.59 V, 300 pA, modulation 20 mVrms�.

TABLE I. Peak positions of the unoccupied MOs.

Orientation
LUMO

�eV�
LUMO+1

�eV�
LUMO+2

�eV�
LUMO+3

�eV�

Hexagon 0.34 1.60 3.11 3.80
Pentagon 0.49 1.63 2.94 3.75
5:6 bond 0.34 1.57 3.07 3.60
6:6 bond 0.29 1.58 2.94 3.60
Average 0.37 1.57 3.02 3.69
Literature �avg�a 0.43 1.71 ¯ ¯

aReference 6.
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tions are closer to Cu atoms, and thus, we expect a greater
degree of charge transfer to the molecule. The two ring-down
orientations are further from the Cu atoms, and thus, we
expect a lesser degree of charge transfer. This is qualitatively
consistent with the relative LUMO peak positions shown in
Table I. The two bond-down orientations have LUMO peaks
which are closest to EF while the two ring-down orientations
have LUMO peaks shifted away from EF.

Table I shows that the LUMO+1, +2, and +3 resonances
vary with orientation by �0.06 eV, 0.17 eV, and 0.20 eV,
respectively. However, we find no consistent trend in order
of the orientational shift. This indicates that charge transfer
does not rigidly shift the ladder of higher lying MOs, but
rather, each MO shifts independently. These shifts may arise
from varying degrees of MO overlap with Cu atoms for dif-
ferent orientations. Another possibility is that charge transfer
to the molecule causes slight deformations which alter the
MO spectrum and is different for each orientation.

The dI /dV maps in Fig. 3 compare well with published
STM results2,6,23 �available up to LUMO+2� and with calcu-
lated images21,24 on other substrates. Additionally, the data
reveal an alternating even/odd parity of the MOs. For ex-
ample, while maximum LDOS for the LUMO and LUMO
+2 is found near the center of the pentagon-down orienta-
tion, this corresponds to minimum LDOS for the LUMO
+1 and LUMO+3. A similar even/odd character is evident
for the MOs of molecules in the other orientations. We note
that in addition to MO states, delocalized “superatom MOs
�SAMOs�” may be present in C60 films on metal substrates.25

Previous STM studies of C60 on Cu�111� showed a lack of

intramolecular contrast at voltages corresponding to these
SAMOs.25,26 We do not observe a clear loss of intramolecu-
lar contrast for any dI /dV maps within the range 3.38–5.01
V for C60 on Cu�100�. However, we do observe weakened
contrast along C60 rows, especially near the LUMO+3 volt-
age for the 6:6 and hexagon-down orientations, which could
reflect some coupling to SAMOs.

In conclusion, we have studied the energy and spatial
distribution of unoccupied MOs for C60 on Cu�100�. The
variation in LUMO energy with orientation suggests that dif-
ferent degrees of charge transfer contribute to the adsorption
energetics for the four orientations. We hope that this study
will motivate further theoretical work on the orientational
dependence of the MOs of as well as the higher lying LUMO
states of C60 on surfaces.

The authors acknowledge support from the Arnold and
Mable Beckman Foundation, and NSF CAREER award
�DMR-0645451�. D.R.D. thanks D. Gohlke, N. Santagata, T.
Choi, and S. Lanier for helpful discussions.

1Z. B. Wang, M. G. Helander, M. T. Greiner, J. Qiu, and Z. H. Lu, Appl.
Phys. Lett. 95, 043302 �2009�.

2M. Grobis, X. Lu, and M. F. Crommie, Phys. Rev. B 66, 161408 �2002�.
3X. H. Lu, M. Grobis, K. H. Khoo, S. G. Louie, and M. F. Crommie, Phys.
Rev. B 70, 115418 �2004�.

4M. K. J. Johansson, A. J. Maxwell, S. M. Gray, P. A. Bruhwiler, D. C.
Mancini, L. S. O. Johansson, and N. Martensson, Phys. Rev. B 54, 13472
�1996�.

5C. Silien, N. A. Pradhan, W. Ho, and P. A. Thiry, Phys. Rev. B 69, 115434
�2004�.

6G. Schull, N. Neel, M. Becker, J. Kroger, and R. Berndt, New J. Phys. 10,
065012 �2008�.

7C. D. Lindstrom and X. Y. Zhu, Chem. Rev. �Washington, D.C.� 106,
4281 �2006�.

8M. Ziegler, N. Neel, A. Sperl, J. Kroger, and R. Berndt, Phys. Rev. B 80,
125402 �2009�.

9M. Abel, A. Dmitriev, R. Fasel, N. Lin, J. V. Barth, and K. Kern, Phys.
Rev. B 67, 245407 �2003�.

10S.-S. Wong, W. Pai, C.-H. Chen, and M.-T. Lin, Phys. Rev. B 82, 125442
�2010�.

11T. Hashizume, K. Motai, X. D. Wang, H. Shinohara, Y. Saito, Y.
Maruyama, K. Ohno, Y. Kawazoe, Y. Nishina, H. W. Pickering, Y. Kuk,
and T. Sakurai, Phys. Rev. Lett. 71, 2959 �1993�.

12H. I. Li, K. Pussi, K. J. Hanna, L. L. Wang, D. D. Johnson, H. P. Cheng,
H. Shin, S. Curtarolo, W. Moritz, J. A. Smerdon, R. McGrath, and R. D.
Diehl, Phys. Rev. Lett. 103, 056101 �2009�.

13W. W. Pai, C. L. Hsu, C. R. Chiang, Y. Chang, and K. C. Lin, Surf. Sci.
519, L605 �2002�.

14G. Schull and R. Berndt, Phys. Rev. Lett. 99, 226105 �2007�.
15H. Li, K. Franke, J. Pascual, L. Bruch, and R. Diehl, Phys. Rev. B 80,

085415 �2009�.
16H. Ishii, K. Sugiyama, E. Ito, and K. Seki, Adv. Mater. �Weinheim, Ger.�

11, 605 �1999�.
17G. Dutton, D. P. Quinn, C. D. Lindstrom, and X. Y. Zhu, Phys. Rev. B 72,

045441 �2005�.
18P. Wahl, M. A. Schneider, L. Diekhoner, R. Vogelgesang, and K. Kern,

Phys. Rev. Lett. 91, 106802 �2003�.
19J. E. Rowe, P. Rudolf, L. H. Tjeng, R. A. Malic, G. Meigs, C. T. Chen, J.

Chen, and E. W. Plummer, Int. J. Mod. Phys. B 6, 3909 �1992�.
20M. Grobis, A. Wachowiak, R. Yamachika, and M. F. Crommie, Appl.

Phys. Lett. 86, 204102 �2005�.
21M. De Menech, U. Saalmann, and M. E. Garcia, Phys. Rev. B 73, 155407

�2006�.
22N. Ogawa, G. Mikaelian, and W. Ho, Phys. Rev. Lett. 98, 166103 �2007�.
23X. Lu, M. Grobis, K. H. Khoo, S. G. Louie, and M. F. Crommie, Phys.

Rev. Lett. 90, 096802 �2003�.
24I. D. Hands, J. L. Dunn, and C. A. Bates, Phys. Rev. B 81, 205440 �2010�.
25M. Feng, J. Zhao, and H. Petek, Science 320, 359 �2008�.
26J. Zhao, M. Feng, J. L. Yang, and H. Petek, ACS Nano 3, 853 �2009�.

FIG. 3. �Color online� Spatial mapping of the unoccupied MOs. �a� STM
topographic images �2.25 V, 300 pA� of the four orientations. ��b�–�e�� Spa-
tial maps of dI /dV, taken at the noted voltages �300 pA, 20 mVrms�. For
optimal visualization of the orbitals, the images have been Gaussian filtered
and have independent color scales. Blue �pink� corresponds to low �high�
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