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Picene, which attracts the great interest of researchers, not only can be used to fabricate
thin film transistors with high hole mobilities, but also is the parent material of a new type
organic superconductor. Here, we investigate the electronic properties of individual picene
molecules directly adsorbed on Cu(111) surface by a combination of experimental scanning
tunneling microscopy/spectroscopy measurements and theoretical calculations based on the
density functional theory. At low coverage, the picene molecules exhibit mono-dispersed
adsorption behavior with the benzene ring planes parallel to the surface. The highest occupied state around −1.2 V and the lowest unoccupied state around 1.6 V with an obvious
energy gap of the singly adsorbed picene molecule are identified by the dI/dV spectra and
maps. In addition, we observe the strong dependence of the dI/dV signal of the unoccupied
states on the intramolecular positions. Our first-principles calculations reproduce the above
experimental results and interpret them as a specific molecule-substrate interaction and energy/spatial distributions of hybrid states mainly derived from different molecular orbitals
of picene with some intermixing between them. This work provides direct information on
the local electronic structure of individual picene on a metallic substrate and will facilitate
the understanding the dependence of electron transport properties on the coupling between
molecules and metal electrodes in single-molecule devices.
Key words: Scanning tunneling microscopy, Picene, Molecular orbitals, Density functional
theory

pared to the case that the molecule is in direct contact with the metal surface, the electronic decoupling
insulating films usually increase the electron residence
time in the tunneling junction [5]. This can induce
dynamic electrostatic effects and alter the energy-level
alignment between the molecular orbital energies and
the Fermi level of substrate [6]. In terms of producing good metal-molecule contacts suitable for molecular electronics applications, studies concerning the interaction between molecular orbitals and various metal
surfaces are of great interest [5, 7–11].
The phenanthrene-edge-type polycyclic aromatic hydrocarbons have attracted much attention owing to
their excellent characteristics in organic field-effect
transistors [12–20] and alkali (or alkali-earth)-metaldoped organic hydrocarbon superconductors [21–26].
Among them, the picene, which consists of five benzene rings in a zigzag arrangement (see Fig.1(c)), is
the first aromatic superconductor with a high superconducting transition temperature (Tc ) through doping
[21] and also possesses high hole mobilities in thin film
transistors [12]. To explore the mechanism of its superconductivity, the electronic structures of both pristine

I. INTRODUCTION

In single-molecule transistors, the overlap between
the wave function of the molecule and those of the electrodes plays an important role in determining the electron transport properties of the devices [1, 2]. Generally, the source and drain electrodes in single-molecule
devices usually use metal materials, such as Au, Ag
and Cu. When a molecule is in direct contact with a
metal surface, the strong coupling between them could
broaden the molecular levels [3] and even lead to a
strong distortion of the native molecular orbitals. Repp
et al. demonstrated the direct images of the unperturbed molecular orbitals of the individual pentacene
molecules by the electronic decoupling provided by the
ultrathin insulating NaCl films [4]. However, this technique by adding ultrathin insulating layer to separate
the molecule from the metal surface is difficult to implement in single-molecule devices. Furthermore, com-
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and doped solid picene have been widely investigated
both from experiment [27–29] and theory [30–34]. All
these studies focused on macroscopic solid picene, however, the local electronic structure of a single molecule
mediated by interaction with various substrates has not
yet been clarified so far. Recently, some scanning tunneling microscopy (STM) studies have revealed the topographic features and electronic properties of picene
molecules adsorbed on Ag(111) and Au(111) [35, 36].
This is an important step on the road toward understanding electron transport of single-molecule devices
in molecular electronics.
In this work, we present an investigation of the electronic properties of individual picene molecules adsorbed on the Cu(111) surface by combining scanning tunneling microscopy/spectroscopy (STM/STS)
and density functional theory (DFT) calculations. The
dI/dV spectra and maps show bias voltage-dependent
and spatial-resolved sub-molecular features of frontier
states for the picene/Cu(111) system. With the help of
theoretical calculations, we have attributed all of these
features to the different molecular orbitals of picene
with some intermixing.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The experiments were carried out with a lowtemperature STM (Omicron GmbH) in ultrahigh vacuum (UHV) condition. We use a polished copper single crystal (99.999%, MaTecK GmbH) as the substrate.
Clean and atomically flat Cu(111) surface was obtained
by several cycles of Ar+ sputtering (1000 eV) and annealing the crystal in the preparation chamber with a
base pressure of 2×10−10 mbar. Picene molecules were
deposited onto the Cu(111) surface by thermal evaporation from an organic source (OME, MBE-Komponenten
GmbH), with the substrates at room temperature. No
further annealing was carried out after the evaporation. The sample was immediately transferred to the
STM chamber with a base pressure of 10−11 mbar and
cooled down to 5 K for the further measurements. All
the measurements were performed at 5 K to ensure
the high quality and resolution of images and spectra of the molecules. We used an electrochemically
etched tungsten tip which was cleaned by Ar+ sputtering. The tip was further cleaned by intentionally
dipping the tip apex into the clean Cu surface prior
to all measurements. Topographic STM images were
recorded in constant-current mode and the dI/dV spectra were measured by a lock-in amplifier (SR830, Stanford Research Systems) with a small modulation signal
(4 mV, 731 Hz) added to the bias voltage. All spectra
were checked by measuring the Shockley surface state
of Cu(111) with the same tip to ensure no obvious feature caused by tip effects. The bias voltage here refers
to the sample voltage with respect to the tip.
The first-principles calculations were performed
DOI:10.1063/1674-0068/30/cjcp1606123

based on DFT in the generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof [37] implemented with DMOL3 [38–40]. We used a semiempirical way following the scheme proposed by Tkatchenko
and Scheffler [41] for van der Waals correction, and employed density functional semicore pseudopotential [42]
with the basis set consisting of double numerical atomic
orbits augmented by polarization functions. The calculation model is a periodic slab consisting of the adsorbed
picene molecule and five layers of Cu atoms with each
layer containing 50 atoms which represents the copper
substrate. And a vacuum space of ∼15 Å perpendicular to Cu surface was used. Brillouin zone was sampled
only at Γ-point. The criterion for the total energy and
force was 1×10−5 Hartree and 1×10−3 Hartree/Å respectively, and all the atoms except those in the bottom
three Cu layers were fully relaxed. The STM images
were simulated by Tersoff-Hamann formula [43, 44] at
the height of 3.0 Å from the molecular plane.

III. RESULTS AND DISCUSSION

Figure 1(a) displays a representative STM image of
picene molecules on Cu(111) at low coverage. The
picene molecules are mono-dispersedly adsorbed on copper substrate. A close-up image of the single picene
molecule marked by a white box in Fig.1(a) is shown
in Fig.1(b). The picene molecule is asymmetric beanshaped protrusion with the benzene ring planes parallel to the Cu(111) surface, which agrees well with the
molecular structure and orientation in Fig.1(c).
To know clearly the electronic structure of a single
picene molecule adsorbed on Cu(111), we measured the
dI/dV spectra obtained by ramping the bias voltage
while keeping the tip at a constant height over the
picene molecule. As shown in Fig.2(a), the dI/dV spectrum taken on an individual picene molecule exhibits
two conductance shoulders around −1.2 and 1.6 V.
These characters can be assigned to the highest occupied state (labeled as O1) and the lowest unoccupied state (labeled as U1) of the single picene adsorbed
on Cu(111). This spectrum exhibits a gap of ∼2.8 eV
around the Fermi level, which is obviously smaller than
the previous results for picene on Ag(111) and Au(111)
[35, 36]. This difference for the three picene-substrate
systems arises from a difference in molecular charging energies for electron tunneling [9]. The relatively
stronger screening behavior for picene on Cu(111) induced by the stronger interaction between picene and
Cu substrate leads to the lower charging energy and
smaller conductance gap for picene/Cu(111). In the
gap region, a step-like feature with an onset around
−0.4 eV can be seen, whose shape and energy position
are quite similar to the Shockley surface state observed
on bare Cu(111) substrate [45], we thus attribute this
feature observed on a singly adsorbed picene molecule
to the surface states of Cu(111) substrate.
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FIG. 1 (a) A typical STM image of picene molecules
adsorbed on Cu(111). Scanning parameters: Vs =−1 V,
It =0.4 nA. Image size: 20 nm×20 nm. (b) Close-up view
of a single picene molecule marked with a white box in
(a). Scanning parameters: Vs =−1 V, It =0.4 nA. Image
size: 2.8 nm×2.0 nm. (c) The molecular structure of picene.
Gray: carbon atom. White: hydrogen atom.

For investigating the real-space properties of the frontier molecular orbitals of a single picene molecule adsorbed on a metal surface, we additionally performed
energy-resolved dI/dV mapping experiments. This is
accomplished by spatially mapping the dI/dV signal
at a constant sample bias over the molecular surface,
which permits the observation of the electron probability distribution of the molecular orbitals. The bias voltages were chosen to match the O1 and U1 energies as determined from the dI/dV spectrum in Fig.2(a). In the
upper panel of Fig.2(b), we show the constant-current
STM images of a single picene molecule recorded at
−1.2 and 1.6 V. The STM image at −1.2 V shows a
narrow feature similar to the molecular structure shown
in Fig.1(c), and by contrast, the molecule appears much
broader for voltages at 1.6 V. This bias dependence
of the STM images should originate from the different
frontier orbitals of picene, and can be interpreted as
the orbital-mediated tunneling out of occupied molecular orbital or into unoccupied molecular orbital [46].
The corresponding dI/dV maps recorded at −1.2 and
1.6 V are shown in the lower panel of Fig.2(b). The
dI/dV map of O1 shows the strongest intensity over
the short edge of the molecule, whereas the dI/dV map
of U1 shows the dI/dV signal spreading over the whole
molecule and with the largest conductivity found over
the outermost periphery of the molecular long edge.
To further elucidate the dI/dV spectrum and maps
in Fig.2, we performed theoretical DFT calculations for
the free and adsorbed single picene molecule. The top
and side view of the theoretically optimized geometric structure for a single picene molecule adsorbed on
Cu(111) are shown in Fig.3 (a) and (b), respectively.
The picene molecule was basically kept planar with a
averaged distance of about 3.2 Å from the topmost
Cu(111) surface layer (Fig.3(b)). Figure 3(c) shows
DOI:10.1063/1674-0068/30/cjcp1606123

FIG. 2 (a) The dI/dV spectrum of a single picene molecule
adsorbed on Cu(111) surface. The arrows mark the positions of the occupied state at −1.2 V (O1), surface state at
−0.4 V and unoccupied state at 1.6 V (U1). (b) Experimental topographies and dI/dV maps of the adsorbed picene
molecule taken at −1.2 and 1.6 V under constant-current
conditions.

the theoretically calculated partial density of states
(PDOS) for the picene molecule in the free case (black
curve) and adsorption case (red curve). The conductance gaps for these two cases are almost the same in
spite of the peak positions for the picene/Cu shows an
overall shift about 0.2 eV towards the high energy side.
This energy shift can be related to a charge transfer of
about 0.4 electron to Cu substrate from picene molecule
(see Fig.3(d)) according to our Millikan charge analysis based on the calculation results. For the picene/Cu
case, DFT calculations yield the highest occupied state
and lowest unoccupied state of the adsorbed molecule
at about −1.2 and 1.7 eV, which are basically in agreement with the STS result in Fig.2(a). In the left panel
of Fig.3(e), we display the calculated frontier molecular
orbitals of a free picene molecule, i.e. the highest occupied molecular orbital (HOMO), the lowest unoccupied molecule orbital (LUMO), HOMO−1, HOMO−2,
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FIG. 3 (a) Top view and (b) side view of the theoretically optimized geometric structure of single picene adsorbed on
Cu(111). (c) The calculated PDOS for free picene molecule (black curve) and picene molecule in the picene/Cu adsorption
system (red curve). (d) Differential electron density of picene adsorbed on Cu(111) surface relative to the molecule and Cu
substrate. Red color represents an increase in electron density whereas blue represents a decrease in electron density. (e) The
calculated contours of various frontier orbitals of the free picene molecule and the simulated dI/dV maps for picene/Cu
system at −1.2 and 1.7 eV relative to the Fermi level.

LUMO+1, LUMO+2. On the other hand, the simulated dI/dV maps at −1.2 and 1.7 eV relative to the
Fermi level for the picene/Cu adsorption system are
shown in the right panel of Fig.3(e). Here, the occupied
state at −1.2 eV of picene/Cu system exhibits stronger
intensity of local density of states (LDOS) over the short
edge of the molecule, whereas the unoccupied state
at 1.7 eV shows the LDOS spreading over the whole
molecule and makes the molecule much broader. Our
further analyses find that the former is mainly related to
the HOMO orbital of individual picene molecule, in addition, the HOMO−1 and HOMO−2 orbitals also make
small contribution to this state. The latter seems to
be the result of the intermixing between LUMO and
LUMO+1 states of individual picene molecule. Generally, the agreement between the simulated dI/dV maps
for picene/Cu system in Fig.3(e) and the experimental
dI/dV maps in Fig.2(b) is good, thus this allows us to
ascribe the origin of states at −1.2 and 1.6 V to the
HOMO and LUMO/LUMO+1 of the individual picene
molecule, respectively. When the picene molecule is
in direct contact with Cu(111) surface, the inherent
molecular orbitals of the free molecule are perturbed
due to the molecule-substrate interaction; this interacDOI:10.1063/1674-0068/30/cjcp1606123

tion is mainly charge transfer and brings energy shift
of the gap region as shown before; but it also possesses
small orbital hybridization between the molecular orbitals and substrate states, which possibly results that
the formed hybrid states within small energy range have
components from multiple molecular orbitals, i.e. the
intermixing between the molecular orbitals as displayed
above.
In order to understand the local electronic structure
of individual picene molecule adsorbed on Cu(111), especially information of the unoccupied states which
may be important to superconductivity study of the
alkali-doped picene molecule [21], dI/dV spectra obtained at different sites of picene molecule were measured, as shown in Fig.4(a). We find that the energy
position of unoccupied electronic state displays a remarkable dependence on the surface positions of single
picene molecule. The intramolecular spatial variation
of these spectra for picene should arise from the LDOS
distribution of the molecular orbitals. The constantcurrent dI/dV maps of the same picene molecule in
the inset of Fig.4(a) acquired at different sample biases in the range between 0.8 and 2.0 V are shown
in Fig.4(b). These maps exhibit bias-dependent subc
⃝2017
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FIG. 4 (a) The dI/dV spectra in the energy range from 0.4 V to 2.5 V taken at indicated spots with the same colour in
the inset STM image of a single picene on Cu(111). (b) The corresponding dI/dV maps of the same picene molecule in the
inset of (a) taken at different sample biases. Image size: 4 nm×4 nm. (c) The calculated PDOS curves for the adsorbed
picene molecule, and red (blue) curve is the PDOS of the atoms marked by red (blue) box indicated in the inset molecular
structure. (d) The simulated dI/dV maps for picene/Cu system at the indicated energies.

molecular features. The dI/dV map recorded at 0.8 V
shows the dI/dV signal only on the interior region of
picene molecule, whereas the dI/dV map at 1.6 V shows
the molecular state extend over the whole molecule with
large intensity on the molecular long edge. When the
bias voltage varies from 1.6 V to 2.0 V, the main contributions to dI/dV signal change from the center of the
molecular long edge to the short edge. In order to understand the nature of this spatially varied electronic
structure observed in the experimental dI/dV maps,
we have calculated PDOS of some atoms (as indicated
in the red and blue boxes of the inset molecular structure) of long (red curve) and short (blue curve) edge of
an adsorbed picene molecule, as shown in Fig.4(c). It
can be found that there exists a reversion of the contrast between the PDOS of two edges. This is consistent with our experimentally measured dI/dV spectra
in Fig.4(a). As presented in Fig.4(d), we also simulate
the energy-resolved dI/dV maps for picene on Cu(111),
aiming at understanding remarkable spatial inhomogeneity of the experimental dI/dV maps in Fig.4(b).
The simulated map at energy around 0.9 eV relative to
the Fermi level shows PDOS intensity over the interior
skeleton of picene molecule, which reproduces the experimental image at 0.8 V. This state is the hybrid state
between Cu substrate states and the LUMO/LUMO+1
DOI:10.1063/1674-0068/30/cjcp1606123

of picene, in which the Cu substrate states make the
main contribution so that the molecular pattern seems
smaller. The simulated map at 1.7 eV is related to the
intermixing LUMO and LUMO+1 of picene, which is in
consistence with the experimental map at 1.6 V, as discussed before. The simulated map at energy around
2.2 eV, which is mainly related to the LUMO+2 of
picene (see Fig.3(e)), reproduces the experimental image at 2.0 V, especially the enhancement of the outmost
protrusion. The simulated map at energy around 2.0 eV
displaying the contributions to PDOS both from the
long and short edge of the molecule agrees well with the
experimental map at 1.7 V, and can be seen as the intermixing of the LUMO+1 and LUMO+2 of picene. The
agreement between the experimental images shown in
Fig.4(b) and the theoretical images in Fig.4(d) is good,
which suggests that the STS measurements detect the
convolution of energetically adjacent molecular orbitals
for picene molecules directly adsorbed on Cu(111).

IV. CONCLUSION

In summary, we have studied the electronic structures of single picene molecules adsorbed on Cu(111)
surface by means of a combination of STM/STS meac
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surements and theoretical calculations based on DFT.
Our combined experimental and theoretical study reveals the following points: (i) The experimental results
are well-reproduced by the DFT calculations taking the
molecule-substrate interaction into account. The electron transfer from picene to Cu substrate can be responsible for the energy shift of peak positions between
the free picene and adsorbed single picene molecule.
(ii) The observed deviation between the conductance
gaps of picene on Au(111), Ag(111) and Cu(111) indicates that there is a stronger interaction between the
Cu substrate and the picene molecule in contrast to
that of the picene/Au and picene/Ag system. (iii) The
stronger molecule-substrate interaction can also induce
orbital hybridization between the Cu substrate states
and the molecular orbitals of picene, hence makes the
STS measurements detect the convolution of energetically adjacent molecular orbitals. This work shows the
way in which a combination of STM/STS measurements
with DFT calculations has allowed one to extract valuable information about the molecular orbitals of single
molecule adsorbed on a bare metal surface.
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