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Spectroscopic STM studies of single pentacene molecules on Cu(110)-c(6 × 2)O
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Pentacene adsorbed on the Cu(110)-c(6 × 2)O surface has been investigated using scanning tunneling
microscopy and spectroscopy and density functional theory calculations. The molecules lie almost flat on the
surface and are anchored via the end carbon ring to a Cu atom of the topmost surface layer, leading to a break
of the mirror symmetry of pentacene parallel to the short molecular axis. As a result the molecular electronic
structure of the frontier orbitals exhibits a local and gentle modification around the anchoring site but is essentially
unaffected in the remaining part of the molecule. The enhancement of the conductance peak related to the second
highest occupied molecular orbital (HOMO-2) at the anchoring site, however, is suggestive of a resonance with
a surface state or with the Cu d-band.
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I. INTRODUCTION

The investigation of the electronic structure of molecules
and the corresponding modification upon their interactions
with surfaces, molecules, and adatoms at submolecular res-
olution is essential for the fundamental understanding of
single-molecule chemistry [1,2] and the realization of single-
molecule devices [3]. In recent years, it has been demon-
strated that scanning tunneling microscopy and spectroscopy
(STM/STS) can be used to image the molecular orbitals
(MOs) of adsorbed molecules [4–7]. The extremely localized
tunneling current of the STM allows us to selectively excite
vibrational modes of single molecules [8] and molecular
luminescence [4,7,9]. Furthermore, in combination with its
capability for controlled manipulation of molecules, STM
has also been applied to unravel the bond formation between
molecules and adatoms with submolecular resolution [2,10].
In order to probe the intrinsic electronic structure of individual
molecules adsorbed on metal surfaces with STS, it is essential
to decouple, electronically, the MOs from the substrate states.
One of the most widely used approaches is to introduce an
ultrathin insulating layer between the metal surface and the
organic molecules [4,5,11]. Reduced coupling has also been
observed between the MOs of organic molecules and the
electronic states of bare noble metal surfaces [6,12,13]. Most
recently, it has been demonstrated that surface reconstructions
induced by atomic oxygen [14] and nitrogen [15] adsorption
on noble metal surfaces can efficiently separate the overlap
between the MOs and the substrate electronic states.

Until now, most of the STS measurements of MOs were
carried out on smooth surfaces with relatively small lattice
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constants in comparison with the lateral distribution of the
delocalized π electrons of the adsorbed organic molecules.
For such a case, the influence of the surface corrugation on the
intramolecular electronic structure of the individual molecules
is not pronounced. On the other hand, for the fundamental
understanding of surface adsorption and surface catalysis, it is
very interesting to study the possible local modification of the
molecular electronic structure upon adsorption on the surface.
In this context, we will show that the Cu(110)-c(6 × 2)O
surface, obtained after oxygen adsorption and reconstruction
of a Cu single crystal [16,17], provides a very weak electronic
coupling to the molecules, while at the same time, the binding
of the molecules is strong enough to allow STS measurements
over a very large energy range. Most importantly, the large
unit cell (15.3 Å × 7.2 Å) of the Cu(110)-c(6 × 2)O surface
offers an opportunity to investigate the modification of the
intramolecular electronic structure as a function of the local
atomic structure of the surface. Using combined STM/STS
images with submolecular resolution and density function
theory (DFT) calculations, we demonstrate that a bending
of the carbon backbone of the pentacene (PEN) molecule
over the top-layer Cu atom yields a pear-shaped protrusion
in the topographic STM images. While the frontier orbitals
(highest occupied molecular orbital [HOMO] and lowest
unoccupied molecular orbital [LUMO], respectively) are only
slightly affected upon adsorption, the HOMO-2 orbital shows
a resonance with substrate electronic states located at the
anchoring site.

II. EXPERIMENTAL AND THEORETICAL

All experiments were conducted in an ultra-high-vacuum
(UHV) environment with a base pressure of less than 1 ×
10−10 mbar. The clean Cu(110) surface was prepared by
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several cycles of 900-eV Ar+-ion bombardment and subse-
quent annealing at 800 K for 5 min. The Cu(110)-c(6 × 2)O
reconstruction was formed by exposing the freshly cleaned
Cu(110) surface to about 104 L molecular oxygen at room
temperature. The preparation was completed by briefly flash-
ing the sample to 550 K. The so-obtained substrate is highly
corrugated and features well-separated top-layer Cu atoms in
a quasihexagonal arrangement. These top-layer atoms (also
termed “super” Cu atoms) slightly stick out of the surrounding
Cu-O layer, forming active binding sites for the adsorption of
organic molecules [16,17]. The PEN molecules were thermally
evaporated out of an organic molecular beam epitaxy (OMBE)
source. During deposition, the substrate was kept at room
temperature. The STM measurements were carried out with
a UNISOKU low-temperature STM working at liquid helium
temperature (5 K).

All theoretical results presented here are obtained within
the framework of density functional theory (DFT) using the
VASP code [18,19] utilizing the projector augmented wave
(PAW) method [20]. Calculations for PEN/Cu(110)-c(6 × 2)O
are performed within the repeated slab approach by using
five metallic layers with an additional vacuum layer of 15 Å
between slabs. To avoid spurious electrical fields, a dipole layer
is inserted in the vacuum region [21]. For PEN adsorption, we
have assumed the commensurate structure described by the
matrix (4; 0/1; 9) with respect to the bare Cu(110) substrate in
[001] and [110] directions. This leads to a unit cell containing
36 Cu atoms per layer in the subsurface layers and 30 Cu and 24
O atoms in the reconstructed topmost substrate layer. Geom-
etry relaxations were conducted using a generalized gradient
approximation (GGA) exchange-correlation functional [22]
and empirical van der Waals corrections according to Grimme
[23], while for the subsequent analysis of the density of
states, the hybrid functional according to Heyd, Scuseria, and
Ernzerhof (HSE) [24] has been used. Simulated STM images
are obtained within the Tersoff-Hamann approximation [25].

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows a topographic STM image of the sample
surface after deposition of about 0.1 ML of PEN. The PEN
molecules appear as pear-shaped protrusions, where one end
of the molecule directly resides over a super Cu atom.
This can be seen in greater detail in Fig. 1(b), where a
topographic STM image of a single molecule is overlaid
with the underlying substrate lattice (each crossing point of
two lines marks the position of a super Cu atom). Based
on the shape, size, and orientation of the protrusion, we
have performed DFT calculations of PEN/Cu(110)-c(6 × 2)O
with the molecule oriented along the [110] direction. We
have placed the PEN molecule at various relative positions
with respect to the super Cu atom and locally relaxed the
structure. The structure depicted in Fig. 1(c) turned out to the
energetically most favorable one. It should also be mentioned
that its corresponding simulated constant-current STM image
also compared best to the experimental observations. Here, we
colored the Cu atoms of the subsurface in gray and show the Cu
atoms of the topmost layer in orange, where the darker color
is used to distinguish the super Cu atoms of the topmost layer,
which are sticking out by ∼0.5 Å with respect to the other Cu
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FIG. 1. (a) Overview topographic STM image of the Cu(110)-
c(6 × 2)O surface after deposition of PEN molecules. Two equivalent
configurations of adsorbed PEN molecules can be found, in which
one end (the top or bottom end) of the molecule lies on top of a
super Cu atom. (b) STM image of a single molecule with an overlay
of the substrate lattice. (c) Proposed adsorption model showing the
super Cu atoms (orange spheres) and one of the two equivalent
adsorption geometries of the PEN molecules. Tunneling parameters:
Iset = 50 pA, Vbias = −1 V; (b) Iset = 50 pA, Vbias = −2 V.

atoms (lighter orange). Oxygen atoms are displayed as blue
spheres, while the C atoms of the PEN molecule are depicted as
small red spheres. We find that PEN prefers to adsorb parallel
to the [001] axis with one end ring centered above a super
Cu atom such that the remaining carbon backbone rests in
the trough between the two neighboring top-layer Cu atoms.
Note that we have tested various adsorption positions. For
instance, the adsorption site with the last but one PEN ring
centered above the super Cu atom has led to a 60-meV weaker
adsorption energy.

In Fig. 2(a), differential conductance (dI/dV ) spectra of
a single PEN molecule at different tip positions along the
molecule are shown. In the spectra we can identify four distinct
peaks at 1.3, −1.1, −1.6, and −2.6 V, which can be assigned
to the LUMO, HOMO, HOMO-1, and HOMO-2 molecular
orbital energies, respectively. These energy positions coincide
surprisingly well with those reported by Soe et al. for PEN
molecules on Au(111) [6]. Only slight differences of the
peak positions of the order of ±0.1 V can be observed. The
dI/dV spectra show rather sharp, well-defined features which
are usually not observed in this quality on metal substrates
[6]. Indeed, such sharp features could only be observed for
molecules adsorbed on insulating films so far [5]; however,
differential conductance spectra have shown a very strongly
shifted HOMO resonance compared to our result. This may
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FIG. 2. (a) dI/dV spectra recorded at different tip positions as
indicated in panel (b). The spectra are color coded and numbered
according to the tip position at which they were acquired. The tip
position 1 is directly above an uncovered super Cu atom, whereas
the other three tip positions are above the PEN molecule. Four
conductance peaks can be discerned, in the spectra taken above
the PEN molecule, which can be attributed to resonances of the
molecular orbitals: LUMO, HOMO, HOMO-1, and HOMO-2. (b)
Topographic STM image of a single PEN molecule adsorbed on the
Cu(110)-c(6 × 2)O surface. (c) dI/dV spectrum at tip position 3
from (a), normalized by I/V .

be due to the large band gap of the decoupling layer resulting
in weaker polarization shifts of the frontier orbitals [26,27]
when compared to our substrate. Besides, usually no more
than the HOMO resonance can be observed, as tunneling at
too high bias voltages reportedly leads to a decomposition
of the molecules [5]. The surprisingly good agreement of
the molecular orbital energy levels as compared to those
found for PEN on Au(111) stems from the similarity of the
work functions. The work function of Cu(110) (�Cu(110) =
4.5 eV) increases by ��CuO = 0.65 eV upon oxidization
[28], resulting in a value close to that of Au(111) (�Au(111) =
5.35 eV).

As evidenced in Fig. 2, a clear, asymmetric spatial variation
of the molecular resonances across the molecule can be
discerned. While at the end of the molecule (tip position 4)
contributions from the LUMO resonance dominate, we can
find an increased probability for tunneling into the occupied
HOMO-2 orbital on top of the bright lobe (tip position 3).
As it will become clear later, this can be correlated with
a corresponding dark/bright contrast in the dI/dV map at
this specific bias voltage. In Fig. 2(c), the dI/dV spectrum 3
recorded on top of the bright lobe is shown after normalization
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FIG. 3. Left column: topographic STM images of a single ad-
sorbed PEN molecule at different bias voltages. Each row corresponds
to a bias voltage related to a specific molecular orbital. The second
column shows the respective differential conductance (dI/dV ) maps,
and in the third column, again topographic STM images are shown,
but with a PEN-modified tip (PEN molecule at the tip apex; see text for
details). The last column depicts theoretically predicted STM images,
obtained from DFT calculations. Tunneling parameters: Iset = 1 nA
in all images.

by I/V . This normalization tends to reflect the actual local
density of states (LDOS) at higher bias voltages more closely
than the bare dI/dV spectrum [29]. Indeed, the intensity
differences between the LUMO, HOMO, and HOMO-1
resonances disappear, whereas the HOMO-2 resonance is still
very pronounced and sharp.

To investigate the spatial variation of the differential
conductance in more detail, dI/dV maps were acquired. To
this end, a sinusoidal modulation was applied to the bias
voltage but unlike for dI/dV spectra, the feedback loop was
not turned off to sweep the bias voltage. Instead the bias voltage
was set to a fixed value, and the sample was scanned in constant
current mode. In this case, the feedback loop was tuned to
a slow response time in order to not be able to follow the
modulation of the bias voltage. dI/dV maps acquired in this
mode tend to closely resemble the molecular orbitals [6]. In the
left column of Fig. 3, topographic STM micrographs of a single
PEN molecule at different bias voltages (corresponding to the
LUMO, HOMO, and HOMO-2 molecular orbital resonances)
are shown. While at negative bias voltages, the molecule
appears as a pear-shaped protrusion, at positive bias, a rodlike
shape is obtained. The obviously asymmetric shape of the
protrusion with a bright lobe at one end, which is observed
for all bias voltages, clearly originates from the directly
underlying super Cu atom [see Fig. 1(b)]. The second column
of Fig. 3 depicts differential conductance (dI/dV ) maps at
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the very same bias voltages indicated on the left of the figure.
The dI/dV map at the LUMO resonance (1.3 V) shows a
maximum of the conductance in the vicinity of the underlying
super Cu atom. While the undisturbed LUMO orbital of a
free PEN molecule should show a seven-lobe modulation of
the conductance along the long molecular axis, only three
lobes can be discerned. For the dI/dV maps of the HOMO
and HOMO-2 resonances the situation is somewhat different:
Very similar images as shown for PEN on Au(111) [6] were
obtained, but still a maximum intensity around the position of
the adsorption site can be identified. In the third column of
Fig. 3, topographic STM images are shown where a PEN
molecule has been picked up with the STM tip from the
surface by a controlled-tip approach before recording the
dI/dV maps. Terminating the tip apex with a molecule has
been proven to serve as a very sensitive probe for imaging
molecular orbitals [5]. Indeed, the image obtained at the bias
voltage corresponding to the LUMO resonance accurately
resembles the LUMO orbital of a single pentacene molecule.
Likewise, the image acquired at −1.1 -V bias voltage nicely
resembles the HOMO orbital. Nevertheless, both directly
imaged molecular orbitals are slightly asymmetric and exhibit
a clear distortion at the end above the underlying super Cu
atom. Lower-lying orbitals than the HOMO could not be
imaged with a PEN-modified tip, since increasing the bias
voltage makes the tunneling junction very unstable and results
in a sudden loss of the picked-up molecule. The rightmost
column in Fig. 3 depicts simulated STM images from a DFT
calculation based on the relaxed adsorption geometry and
employing the Tersoff-Hamann approximation. The simulated
STM images match the experimental ones extremely well,
especially those which were acquired with a PEN-modified
tip. In particular, the observed asymmetry is well reproduced.
Yet, the experimental dI/dV maps show a quite different
contrast: While the HOMO image still resembles the molecular
orbital, the LUMO image completely lacks the seven-fold
modulation and features a clear depletion in the region above
the underlying super Cu atom. The HOMO-2 image even
shows an inverted contrast and a bright spot located directly
above the underlying super Cu atom.

For a deeper understanding of the electronic structure of
the adsorbed PEN molecules and to reveal the origin of the
observed asymmetry in the STM images, we have further ana-
lyzed our DFT results in Fig. 4. Figure 4(a) shows a side view of
the relaxed adsorption geometry. One can immediately see that
the PEN molecules do not adsorb flatly on the surface. Instead,
the molecules are slightly inclined towards the super Cu atom
located on the right side in Fig. 4(a), where a height difference
of almost 0.5 Å can be observed. Additionally, the molecule is
slightly bent above the super Cu site. Figure 4(a) also shows
the charge density difference in a plane perpendicular to the
surface and intersecting the PEN molecule. It visualizes the
charge rearrangements upon adsorbing the molecule, where
red areas correspond to charge accumulations and blue areas
correspond to charge depletions. From this representation, one
can discern a slight charge accumulation between the super
Cu atom and the PEN molecule, whereas on either side of the
super Cu atom, an overall charge depletion is observed. These
charge rearrangements arise from the Pauli-pushback effect
[30] and lead to the formation of an interface dipole, which

FIG. 4. (a) Adsorption geometry of a PEN molecule on the
Cu(110)-c(6 × 2)O reconstructed surface as determined from DFT
calculations. A bending of the PEN molecule above the super Cu
atom (on the right) can be observed. Additionally, the charge density
difference is depicted. Red regions correspond to a charge density
accumulation, whereas blue ones correspond to a charge density
depletion. (b) Calculated density of states (DOS) of PEN molecule
and the substrate. The filled black curve depicts the total DOS of
the substrate, whereas the orange dashed curve corresponds to the
projections onto the super Cu atoms. The red curve denotes the DOS
of the molecule. (c) Frontier molecular orbitals (LUMO and HOMO)
of the adsorbed molecule in side and top views.

reduces the work function by 0.32 eV for the PEN coverage
used in the simulations.

Figure 4(b) shows the projected density of states (pDOS)
of the entire substrate (black) and of the adsorbed molecule
(red). In addition, also projections onto the Cu atoms of
the first layer are shown, with Cu-1 referring to the super
Cu atom. The spectra show no particular sign of significant
hybridization; instead clear molecular resonances for the
LUMO, HOMO, and HOMO-2 are observed. This is also
emphasized in Fig. 4(c), which shows partial charge density
plots of the frontier molecular orbitals (LUMO and HOMO)
of the adsorbed PEN molecule. Here, only small differences to
the undisturbed molecular orbitals of the free molecule can be
discerned [31]. This indicates that the observed charge transfer
is rather small and that the interaction between the molecules
and the substrate is much weaker compared to the adsorption
on the bare Cu(110) surface [32]. Only the HOMO-1 orbital
resonance broadens into a double feature, which is indicative
of a significant hybridization with a substrate atom.
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Compared to the dI/dV spectra shown in Fig. 2, the
HOMO-LUMO gap in the calculated pDOS (1.6 eV) appears
much narrower than the energy (or conductance) gap associ-
ated with the HOMO and LUMO states in the STS experiment
(2.4 eV). This discrepancy arises from an underestimation
of the gap by the hybrid functional DFT calculation. Note
that a GGA-DFT calculation would lead to an even smaller
HOMO-LUMO gap of the adsorbed system of only 0.9 eV. The
sharp HOMO-2 resonance observed in the dI/dV spectra is
not equivalently found in the calculated DOS of the molecule.
However, Fig. 4(b) shows that the energy position of this
resonance coincides with a super Cu atom state, located in
the topmost Cu layer (Cu-1), and also with the onset of the Cu
d band. Thus, one may speculate that the sharp HOMO-2
resonance could originate from the hybridization with the
super-atom-derived resonance state or with the Cu d band.
This would also fit nicely with the observed dI/dV map for
the HOMO-2 resonance in Fig. 3, where a clear charge density
localization at the super Cu atom was observed. The absence
of such a sharp resonance in the DFT calculations may again
be due to a deficiency of the hybrid functional calculation. Al-
though an improvement over semilocal functionals, it may still
lead a wrong relative energy alignment of the localized super
Cu d state and the delocalized HOMO-2 state which could
prevent the above mentioned hybridization from taking place.

IV. CONCLUSIONS

In conclusion, we have demonstrated that the Cu(110)-
c(6 × 2)O reconstructed surface shows a considerably weaker
interaction in comparison with the adsorption on the bare
Cu surface, since no clear sign of hybridization between the

frontier orbitals of the molecule and the substrate could be
observed. We could show that the binding of the PEN molecule
to the substrate occurs via the super Cu atoms, which are
slightly protruding out of the surface layer and form an active
binding site. Indeed, PEN molecules exclusively adsorb with
their terminating carbon rings on top of this binding site.
This results in a slight modification in the appearance of the
molecules in the dI/dV maps with a distinct disturbance
in the vicinity of the super Cu atom. This effect is most
pronounced for the HOMO-2 orbital, for which we propose
a resonance between the HOMO-2 orbital and a Cu state
located in the topmost atomic layer. DFT calculations also
show a clearly nonplanar adsorption geometry of the PEN
molecules. Even more, the molecule is slightly bent over the
super Cu atoms with reduced coordination, only resulting in a
rather local and gentle modification to the electronic structure
of PEN molecules. The detailed understanding provided in
this work about the modification of the electronic structure of
organic molecules upon surface adsorption is also important
with regard to applications in molecular optoelectronics and
heterogeneous catalysis.
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