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ABSTRACT: A detailed understanding of the organic
molecule/substrate interface is of crucial importance for the
design of organic semiconducting devices, as the interface
determines the contact resistance and the charge injection.
Generally, two diﬀerent adsorption situations are considered:
physisorption and chemisorption. For small molecular
adsorbates like CO or N2, the adsorption energy alone can
be used as a criterion to classify the adsorption in
chemisorption (adsorption energies larger than 1 eV) and physisorption (few tens of meV). This classiﬁcation fails for
complex π-conjugated organic molecules. Here we discuss on the basis of a pentacene/Cu(110) model system a diﬀerent set of
criteria to distinguish between chemisorption and physisorption beyond the total bond energy argument. We analyze the
bonding situation on the basis of density functional theory (DFT) calculations and photoelectron spectroscopy. Theory predicts
(i) a signiﬁcant bending of the molecule after adsorption, (ii) a buckling of the top layer Cu atoms, (iii) the emergence of new
hybrid states, and (iv) a substantial charge redistribution and accompanying charge transfer. Photoemission conﬁrms the energies
of the 3 topmost molecular orbitals with an almost “half-ﬁlled” lowest unoccupied molecular orbital (LUMO). The four criteria
are used to qualify the adsorption mechanism in the pentacene/Cu(110) system as chemisorption. This set of criteria is
indicative of chemisorption also in the case of other noncovalently coupled large adsorbates, far beyond the pentacene/Cu(110)
case.

■

and provides a key to designing the electronic and magnetic12
properties of these interfaces. It was also shown recently that
detailed knowledge of the adsorbate/substrate interaction as
well as of the interface morphology is a prerequisite to choose
the correct model toward a theoretical description of the
interface.9
Many small adsorbates predominantly bind to the substrate
in an atomically conﬁned way, which allows for the assumption
of a single weak or strong bond. In this simple case, the overall
interaction energy is predictive on whether the bond across the
interface is weak, dominated by van der Waals interaction and
can thus be qualiﬁed as physisorption, or strong, dominated by
a directional chemical bond, i.e., by chemisorption. In this case,
information about the binding energy is enough to categorize
the bondinga few tens of meV’s vs a few eV’s would classify
the ﬁrst case as physisorption and the second case as
chemisorption.13 In some cases like N2/W(110),14 the
molecule physisorbs on the surface (keeping its structural

INTRODUCTION
The last two decades have witnessed an increasing interest in
organic materials for the fabrication of low-cost, ﬂexible,
lightweight, and durable electronic devices. Such devices1,2
include organic light emitting diodes (OLED), organic ﬁeldeﬀect transistors (OFET), organic thin-ﬁlm transistors
(OTFT), and organic photovoltaic (OPV) solar cells. Emerging
only recently, there is also a high interest to use organic
materials and their interfaces for spintronics.3−5 A detailed
scrutiny of the interface between the organic semiconductors
and their contacting substrates is of great importance,6−9 as this
interface aﬀects the density of states,10 the contact resistance,11
and the charge or spin injection property of the device. The
organic molecules and the metallic substrate exhibit electronic
structures of very distinct nature. This constitutes a complex
system with characteristic properties which may depend on the
kind of bonding at the interface, i.e., on whether it is
predominantly of physisorption or chemisorption type, next
to other material parameters. The nature of the bonding via the
electronic interaction between the atomic and/or molecular
orbitals and substrate states is crucial in determining the
electronic contact between molecules and a metal substrate,
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as detailed earlier.22,23 Angle-resolved photoelectron spectroscopy (ARPES) has been performed with monochromatized He
Iα radiation (21.2 eV), and the work function of the samples
has been determined from the width of the photoelectron
spectra. The coverage of 1 ML has been determined as the
most densely packed structure (i.e., the (6 1,̅ 1 4) adsorption
structure22).
We have used density functional theory (DFT) in atomistic
calculations to study the geometric and electronic properties of
pentacene on the Cu(110) substrate. Since the molecule is
planar in shape and is expected to bind to the substrate with its
π electrons, the interaction is relatively weak and van der Waals
interactions might play an important role in the molecule−
substrate interaction. Therefore, we have employed, besides the
traditional generalized gradient approximation (GGA) in the
form of Perdew−Burker−Ernzerhof (PBE),24 also the van der
Waals density functional (vdW-DF) of Langreth, Lundqvist,
and co-workers.25 We have modeled the supercell of the
substrate laterally with a periodicity of (8 × 2), corresponding
to a coverage of 0.78 ML, and four layers along the surface
normal together with about 22 Å of vacuum between the two
sides of the slab. A (2 × 6 × 1) equi-distance grid of k-points
has been used in the surface calculations.
For the study of the potential energy surface upon diﬀusion,
we have used the Vienna ab initio simulation package (VASP)26
with the PBE-GGA. The interaction between the valence
electrons and ionic cores is described by the projector
augmented wave (PAW) method.27,28 A plane-wave energy
cutoﬀ of 400 eV has been used for all calculations, yielding a
lattice constant of 3.655 Å for bulk Cu, close to other
calculations (3.635 Å) and experiments (3.595 Å).29 One
pentacene molecule (C22H14) has been adsorbed along the
[1̅10] direction of the substrate at an initial height of 3.5 Å
above the surface at various lateral positions. A few diﬀerent,
randomly chosen starting positions have been tried, and they
lead practically to the same ﬁnal result in terms of geometry
and energy. Since the optimization of the atomic positions at
several diﬀerent conﬁgurations along the potential energy
surface was very computationally demanding, the optimizations
were stopped when forces reached 0.05 eV/Å. The change in
the total energy was always less than 1 meV toward the end of
an optimization. We have obtained the potential energy surface
corresponding to pentacene diﬀusion on the Cu(110) substrate
by keeping one carbon atom ﬁxed along the high-symmetry
direction [1̅10] and relaxing all the other coordinates of the
adsorbate and ﬁrst three substrate layers. The ﬁxed C atom was
chosen to be the closest one to the surface and has been
denoted as C10. By systematically varying the position of the
C10, we map the potential energy surface of diﬀusion along the
close-packed rows.
For the DFT analysis of the energetics, geometry, and
electronic structure, we have employed the Quantum
ESPRESSO package.30 The vdW-DF have been used as the
exchange-correlation functional. The lattice constant is 3.737 Å,
comparing well with the result, 3.708 Å, from an earlier
calculation with the same functional.29 Ultrasoft pseudopotentials introduced by Vanderbilt31 have been used for the
relaxation of the ionic structure and norm-conserving
pseudopotentials for the analysis. We have started from the
minimum-energy structure obtained during the calculation of
the potential energy surface of diﬀusion and relaxed it until the
forces on the atoms were smaller than 0.002 eV/Å.

integrity) or dissociates where the fragments chemisorb on the
surface (hence, the molecule loses its structural integrity). In
the diﬀerent case of organic molecules containing large
delocalized orbitals, the bonding situation is recognized to be
more complex.15 For pentacene on Cu(911), it was stated16
that the adsorption is neither compatible with the case of pure
physisorption nor with pure chemisorption. This is an example
of a case where the conventional classiﬁcation scheme between
physisorption and chemisorption seems to fail: If it is applied to
organic molecules with large π-systems ranging from pentacene
via larger porphyrins and phthalocyanines to electronically
conductive polymers. However, we consider “physisorbed” and
“chemisorbed” molecules not to be disjunct sets, since every
adsorbed molecule undergoes van der Waals interaction and
static polarization, i.e., physisorption-type interactions, with any
substrate.
For molecules containing delocalized electronic systems, the
large polarizability implies a considerable interaction irrespective of whether a direct covalent bond is formed or whether an
electron is transferred, where these two are considered
examples for chemisorption. Another important aspect is
whether electronic states are broadened or split, or whether
hybrid electronic states are formed upon interaction of the
adsorbate with the substrate at the interface, which indicate a
stronger interaction and improve the electronic contact.
In this work, density functional theory (DFT) calculations
reveal (1) the atomic arrangement of the interface between a
pentacene monolayer and Cu(110), (2) the adsorbate/
substrate bonding, and (3) the localization of the electronic
states at the interface, which is (4) reﬂected in the energies of
the hybrid orbitals between the molecule and the substrate.
Photoelectron spectroscopy conﬁrms these ﬁndings. For
chemisorption, at least one of the atoms of the adsorbate
undergoes a local chemical interaction with a substrate atom, a
process which aﬀects the valence electrons of the adsorbate as
well as of the substrate. Therefore, the electronic integrity of
the molecule is modiﬁed as compared to the gas phase and new
interface states may emerge. Generally, such interactions may
lead to a change of the molecular conformation17 and to
rearrangements of the surface atoms. Adsorbate induced
reconstructions18 have also been reported for large molecules,
in particular on open surfaces like the [110] facet.17,19,20 The
modiﬁed electronic states on both sides of the interface are
accompanied by charge redistribution and/or charge transfer,
which aﬀect the interface dipole and modify the work function.
Here, we use pentacene on Cu(110) as a model system to
discuss the chemical and physical interactions for the particular
case of a large technologically interesting molecule forming an
organic semiconductor/metal interface and discuss a set of
criteria toward the assessment and categorization of the
bonding situation at such interfaces in general.

■

EXPERIMENTAL AND THEORETICAL METHODS
The experiments have been performed in a modiﬁed VG
Escalab220 system21 with a base pressure below 1 × 10−9 mbar.
The Cu(110) single-crystal has been cleaned by repeated
sputter/anneal cycles until carbon and oxygen peaks were
below the noise level in X-ray photoelectron spectroscopy
(XPS) experiments. Pentacene molecules have been sublimed
from a home-built Knudsen cell, while the sample has been
kept at room temperature. XPS and low-energy electron
diﬀraction (LEED) measurements have been performed to
determine the molecular coverage and the adsorption structure,
23466
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Figure 1. (a) Adsorption geometry of pentacene on Cu(110) optimized with the GGA-PBE functional. The unit cell is highlighted with the redshaded rectangle and the topmost copper, carbon, and hydrogen atoms with blue, yellow, and white spheres, respectively. The carbon atom C10
closest to the surface is drawn with a red sphere. (b) Total energy proﬁle from the GGA-PBE calculations as a function of the lateral position of the
carbon atom C10 along the close-packed Cu rows. The red dots indicate the C10 atom lateral position. The potential energy surface is not
completely symmetric along the x coordinate or the [1̅10] direction due to asymmetric values for x and possibly small hysteresis.

be much higher in this direction.33 In both of the favored
conﬁgurations, the adsorption energy of pentacene is 1.54 eV,
with the molecule lying down bent in a “cradle” shape17 with
the central carbon atoms sitting at 2.2 Å above the Cu surface
while the carbon atoms at the extremities of the molecule sit
0.46 Å higher,22 as seen also in Figure 2a. On the substrate side,
the adsorption of pentacene on Cu(110) changes the interlayer
separation between the ﬁrst and second layers only slightly.
Since not all the surface copper atoms are sitting at the same
height, this varies from −10% (1.16 Å) away from the
adsorbant to −7% (1.20 Å) below it with respect to the bulk
interlayer separation. The buckling within the ﬁrst and second
Cu(110) layers amounts to 0.11 and 0.15 Å, respectively.
Hence, remarkably, the adsorption of pentacene on Cu(110)
results in structural modiﬁcations on both sides of the interface
which go beyond the expected level for a weakly adsorbed
molecule with predominantly van der Waals interactions. We
use the occurrence of such structural modiﬁcations as a ﬁrst
criterion for excluding “weak physisorption” interaction in this
system.
The overall picture of adsorption geometry does not change
when the vdW-DF is used. The adsorption energy at the most
stable site increases to 1.79 eV, using a free molecule in a large
unit cell as the reference. The separation between the C10
atom and the Cu atom beneath it is 2.29 Å, and the diﬀerence
in height between them 2.25 Å. The carbon atoms at the end of
the molecule are by 0.80 and 0.86 Å higher than the C10, in a
curved geometry like with the GGA-PBE functional. The ﬁrst
layer of Cu is corrugated by 0.14 Å, and the average distance
between the ﬁrst and second layers is increased from 1.15 Å at
the clean surface to 1.18 Å when the pentacene molecule is
adsorbed.
In the following, we only present the results from the
calculations with the vdW-DF functional, as the GGA-PBE
results are very similar and support the same conclusions.
Further results with GGA-PBE are given in the Supporting
Information for more in-depth comparison.
The strong bending of the molecule22 (cf. Figure 2a)
indicates that the carbon atoms interact with the substrate in a
nonequivalent footing: those closer to the substrate will bind
stronger than those further away. Consequently, the “binding
energy per atom”, as established for the discussion of
adsorption strengths and adsorption mechanisms, does not
provide a complete criterion in the case of pentacene on
Cu(110).
In search of a second criterion for the chemisorption-like
interaction of pentacene on Cu(110), we investigate the

We have analyzed the electronic structure by calculating
electron density diﬀerences: The electron densities of the
isolated molecule and of the substrate have been subtracted
from the electron density of the adsorption system
Δn(r) = n pc/Cu(r) − n pc(r) − nCu(r)

(1)

with the atomic coordinates as in the adsorbed structure and
with the projection of the Kohn−Sham single-particle orbitals
ψik, where i is the band index and k the k point, onto the
molecular orbitals of pentacene ϕjk
6j k(E) =

∑ wk |⟨ϕjk |ψik⟩|2 δ(E − Eik )

(2)

ik

where Eik is the Kohn−Sham eigenvalue corresponding to the
state ψik and wk the weight of the k point. For an example of the
analysis using this orbital overlap, please see ref 32. We note
that it is particularly advantageous to use the orbital overlaps in
the case of pentacene rather than the usual projected density of
states (PDOS) because in the latter approach the wave
functions of the full system are projected on the atomic orbitals
of single atoms: In pentacene, however, all the frontier orbitals
are of π type, yielding a similar pz contribution for all these
orbitals at a carbon atom. Therefore, the disentanglement of the
diﬀerent orbitals in the PDOS would be very diﬃcult, whereas
it is straightforward using the orbital overlaps.
To analyze the change in the surface dipole and its
consequence in the work function, we introduce the onedimensional electron density diﬀerence averaged along the
surface planes
Δn1D(z) =

■

∫y ∫x Δn(r) dx dy/(∫y ∫x

dx dy )

(3)

RESULTS AND DISCUSSION
In Figure 1b, we show the energy versus the position of C10,
the carbon atom closest to a substrate atom, along along [1̅10]
obtained from GGA-PBE calculations. As a result of the
detailed scrutiny paid to the energy landscape, we ﬁnd that the
pentacene/Cu(110) system exhibits two equilibrium adsorption sites that are symmetry-equivalent. Figure 1a shows a top
view of one of these two adsorption sites that are separated by
half of the nearest-neighbor distance of copper. The activation
energy barrier for diﬀusion along the close-packed [11̅ 0]
direction is 150 meV, as seen in Figure 1b. We did not attempt
to determine the energy barrier for diﬀusion between
neighboring channels, as the diﬀusion barrier is expected to
23467
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electrons are shifted from what looks like the d3z2−r2 type
orbitals, recognized in Figure 2a and b as blue regions above
and below the Cu atoms in addition to a circle in the plane
parallel to the surface, to dxz,yz type orbitals that display two
circular red regions diagonally above and below the Cu atoms.
The largest change at the pentacene molecule is the increased
electron density at the π-electron system, mostly below the
molecule toward the surface atoms, also appearing clearly in
Figure 2c. Beyond these rearrangements, there is a weaker
depletion of electrons in the molecular plane of the pentacene
and above every second pair of carbon atoms along the
molecule, displaying as red lobes above those atoms. These
carbon atoms are the ones that are not in close contact with the
substrate atoms.
Our DFT calculation implies a charge transfer of 0.8
electrons into the pentacene when using the Bader analysis34,35
to assign the electron density to the atoms, which corresponds
to a 40% ﬁlling of the LUMO. A naı̈ve view would suggest that
the negative charge in the Bader volume of the molecule should
increase the surface dipole and thus the work function upon
pentacene adsorption on Cu(110) because charge density is
brought further away from the surface. The charge redistribution upon pentacene interaction with the substrate is
actually accompanied by a decrease of the work function by
0.29 eV as determined from our calculations. This value is in
qualitative agreement with our experimentally measured values:
for clean Cu(110), the work function was found to be 4.5 eV,
while for a pentacene-covered surface a value of 3.6 eV was
found at coverages of 0.7 and 1 ML.23 The discrepancy
between the calculated and experimental values is not explained
by the lower coverage of pentacene considered in the
simulation compared to the one in experiment but is more
likely due to the shortcomings of the exchange-correlation
functionals used. The change of the local work function alone
is, however, no criterion to distinguish between chemisorption
and physisorption, since also polarization due to van der Waals
interaction induces work function changes.
The charge density diﬀerence in Figure 2 could have its
origin in a redistribution of the electron densities. At the
organic/metal interface, it is usually the modiﬁcation of the
densities of states near the Fermi level which determines the
extent of electronic changes brought by the molecular
adsorption. Therefore, we analyze the chemistry of adsorption
using the orbital overlaps 6 in eq 2: These are shown in Figure
3 for the frontier orbitals of pentacene.
From Figure 3, it is obvious that the HOMO-1, HOMO, and
LUMO have undergone splittings upon adsorption: HOMO-1
presents two main peaks at about 2.65 and 1.45 eV below the
Fermi energy, HOMO a weak one at 2.20 and a stronger one at
0.85 eV below the Fermi energy, and LUMO at 2 eV below and
one at the Fermi energy. The other orbitals of the pentacene
molecule do not experience large splittings. Since there are no
orbital degeneracies in the free pentacene molecule,36 the
splittings appear due to hybridization of the molecular orbitals
with the electronic wave functions of the substrate, and thus
originate from the chemical interaction (as opposed to just a
rigid shift of energies due to the nearly homogeneous
electrostatic ﬁeld away from the substrate) at the interface. A
more detailed analysis of the hybridization from the viewpoint
of the substrate is given in the Supporting Information.
We also note that the position of the main peak of 6LUMO(E)
just below the Fermi energy explains the charge transfer from
the substrate to the molecule, as this 2-fold degenerate state is

Figure 2. Diﬀerence in electron density upon adsorption of pentacene
on Cu(110) obtained from the calculations with the vdW-DF. White
spheres indicate hydrogen, yellow carbon, blue topmost layer
substrate, and brown deeper layer substrate atoms. (a) Threedimensional representation; the blue regions correspond to decreased
and the red regions to increased electron density. (b) A cut of the
electron density diﬀerence in the plane containing the surface normal
and passing through the carbon atom C10. The atoms near this plane
have been marked with large circles and the substrate layers further
away from the plane with smaller circles. (c) The density diﬀerence
averaged over the planes parallel to the surface.

changes in the electronic properties upon adsorption.
Molecular adsorption always involves to a lesser or higher
degree rearrangements of the electronic charge density on both
sides of the interface, as it can be often recognized in changes of
the surface dipole or work function.
In Figure 2, we thus show the rearrangement in the charge
density in our calculations upon the adsorption. When there is
charge depletion (i.e., electron accumulation) as compared to
the isolated molecule or substrate, the charge diﬀerence appears
in red, while the blue color represents charge accumulation
(electron depletion). The accumulation of electron density
below the pentacene molecule and the depletion of surface
electrons at the Cu(110) substrate provide evidence for a
substantial molecule/substrate interaction. The substrate
23468
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Figure 3. Projection of the Kohn−Sham states on the molecular
orbitals, or the orbital overlap 6(E). The short vertical lines below the
top axis denote the eigenvalues of the corresponding orbitals when the
substrate is removed.

partially occupied. When no van der Waals interactions are
taken into account (i.e., by using the GGA functional), the
same qualitative behavior is found, though the corresponding
hybrid peaks show up at somewhat larger binding energies (cf.
the Supporting Information).
Our result for the orbital overlap does not agree with the
DFT analysis in ref 16 on Cu(100), since there the LUMO
state is well below the Fermi energy and would thus mean a
charge transfer of two electrons to the molecule, which would
be very large. Further, the electron state shown in ref 16 does
not have the full symmetry of the adsorption system. In another
article from the same authors,37 the LUMO lies close to the
Fermi energy at the Γ̅ point but clearly at a lower energy at the
X̅ point. In the DFT calculations on Cu(111) in ref 38, the
density diﬀerence looks qualitatively similar to ours in Figure
2a, with the diﬀerence that on Cu(111) the molecule is ﬂat
whereas in our case on Cu(110) it is bent. The projection on
molecular orbitals on Cu(111) yields also a similar result as on
Cu(110), and the lowering of the work function on both
surfaces agree qualitatively. The comparison of the properties of
pentacene on Cu(111) and Cu(110) is complicated by the
weaker adsorption on the former, leading to DFT results that
strongly depend on the exchange-correlation functional and
even the diﬀerent treatments of the van der Waals
interactions.38 On Cu(110), where the bonding is stronger,
the diﬀerent DFT treatments are subsequently more consistent,
as we have shown above.
The charge redistribution discussed above and the
emergence of new hybridized states near the Fermi level are
indications of a strong interaction which we use to qualify the
interaction of pentacene with Cu(110) as chemisorption-like.
We have performed experimental studies to support the
theoretical ﬁndings described above. Figure 4 shows angular
resolved photoemission spectra of pentacene on Cu(110),
which have been taken to derive the electronic states and their
dispersion for diﬀerent pentacene coverages and for the clean
substrate. The inset on the top left shows the area of the surface
Brillouin zone (SBZ) which has been mapped as well as the
orientation of the azimuthal angle (cf. dotted arrow in the inset
of Figure 4). The white dashed lines in the photoemission
spectra indicate the SBZ boundaries. Two coverages corresponding to the (7 × 2) structure (0.7 ML), that is actually a

Figure 4. Angular resolved He Iα valence band photoemission at a
polar angle of 51.2° as a function of the azimuthal angle for the clean
Cu(110) and two diﬀerent pentacene coverages. The circles and
crosses indicate the positions of the peak maxima derived from a
Gaussian ﬁt of the EDCs. The top left inset shows the angle scan with
respect to the surface Brillouin zone and the arrow the orientation of
the azimuthal angle scale. The molecule-derived bands at 0.96 (0.94)
and 1.68 (1.67) eV at 0.7 (1.0) ML pentacene on Cu(110) are
identiﬁed to be hybridized states derived from the HOMO and
HOMO-1 molecular orbitals.

mobile structure with molecules diﬀusing along the [1̅10]
direction, and the (6 1̅,1 4) structure (1 ML) as shown in ref 22
have been analyzed. The cut across the SBZ has been chosen
oﬀ normal at a polar angle of 51.2° starting from Γ−X, as the
hybridization states are not visible along the Γ−Y direction and
normal to the surface due to symmetry selection rules.39
Compared to the fast dispersing sp band of the clean Cu(110)
(cf. Figure 4), the pentacene induced bandsat 0.94 and 1.67
eV (for 1 ML) and at 0.96 and 1.68 eV (for 0.7 ML) binding
energyshow only a weak dispersion of 90 meV (1 ML)/80
meV (0.7 ML) for the state closer to the Fermi energy and 120
meV (1 ML)/140 meV (0.7 ML) for the lower lying state. This
indicates electron localization, and that electron hopping
between molecules must be weak, since the pentacene induced
bands show only a small dispersion in the investigated section.
23469
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The fact that no sizable diﬀerence, neither in dispersion nor
in binding energy of the two states between adsorption of 0.7
and 1 ML of pentacene, could be measured shows that those
states are related to the molecular orbitals and the bonding to
the substrate, i.e., to interface states, and do not derive from
intermolecular interactions, which are expected to be distinct
for diﬀerent coverages. The observation that the work function
only decreases up to a coverage of approximately 0.7 ML and
remains constant with further increasing coverage indicates that
the average dipole induced in the molecules by their interaction
with the surface decreases in transition from the low density
molecular layer to higher densities which is related and in line
with the observation of a complex phase evolution of pentacene
on Cu(110) and corresponding electronic eﬀects at the
surface.22,23 At 0.7 ML, all molecules adsorb in the same
position with respect to the substrate, whereas at the 1 ML
coverage four diﬀerent adsorption positions shifted by 1/4 of
the unit cell in the [11̅ 0] direction are observed.22,23 Our
experimental ﬁndings are in line with studies reported by
Yamane et al.39 who investigated a mixture of p(6,5 × 2) and
c(13 × 2) phases, although they show a slightly stronger
dispersion of approximately 250 meV for the state closer to the
Fermi level which lies between 0.7 and 0.95 eV according to
their measurements. These diﬀerences may be related to the
diﬀerent areas of the SBZ maps and to the fact that their
samples have been annealed after pentacene adsorption while
our samples have not been annealed during or after pentacene
deposition.
The strong HOMO and the HOMO-1 hybrid states at 0.85
and 1.45 eV in Figure 3 can be assigned to the two states found
in the experiment at 0.95 and 1.68 eV binding energy. The
small discrepancies in the theoretical peak positions and the
splitting of 0.61 eV, as compared to 0.73 eV from the
experiment, are probably due to errors in the eigenvalues of the
exchange-correlation functionals that we have employed, and
due to possible photoemission ﬁnal state relaxations,40 which is
also known for pentacene in the gas phase.41
The LUMO hybrid state at 0.19 eV below the Fermi energy
in Figure 3 is more diﬃcult to observe with photoemission
because it lies close to the Fermi level. Before we describe our
method for the determination of peaks near the Fermi energy,
we mention that the second derivative, as applied in ref 39, is
not suited for the measurement of peak positions near a
discontinuity such as the Fermi edge. Here the data have been
normalized with an empirical Fermi function that accounts for
temperature and instrumental resolution.42 In order to make
the LUMO visible in the data of Figure 4, we chose the average
spectrum in the region between the azimuthal angles of 90 and
110° where no copper band crosses the Fermi level. From these
spectra, the constant background well above the Fermi level has
been subtracted. Subsequently, the spectra were normalized
with the empirical Fermi function as obtained from the clean
Cu data. Figure 5 shows the resulting normalized energy
distribution curves for clean Cu, and at the two pentacene
coverages. We ﬁnd a peak at 20 ± 30 and 70 ± 25 meV above
the Fermi energy for 0.7 and 1.0 ML pentacene, respectively.
This is in good agreement with the expectation of a LUMO
occupancy of 40%. The slightly lower energy of the 0.7 ML as
compared to the 1 ML system is in line with the lower energy
of the HOMO at 0.7 ML. We propose that the weak weight of
the LUMO peak is related to matrix element eﬀects,43 and that
it might be enhanced if the correct photon energy and the best
k-space section are chosen.

Figure 5. Photoemission spectra taken in a section without direct
copper transitions. The data are normalized with an eﬀective Fermi
function. The peaks 20 (70) meV above the Fermi energy are assigned
to the center of the LUMO for 0.7 (1.0) monolayer pentacene on
Cu(110). The black solid line and open circles represent the data of
the clean (0.0 ML) system prior to and after the normalization,
respectively.

■

CONCLUSION
In summary, we have investigated the adsorption of pentacene
on Cu(110), in direct comparison of experiment and theory, as
a model system for the adsorption of a relatively large organic
molecule on a metal surface. The interaction of the molecule
with the substrate leads to considerable modiﬁcations, i.e., to
reduced integrity of the atomic and electronic structure which
imposes a substantial bending of the molecule and a buckling of
the substrate top layers. The molecular bending substantially
reduces the number of carbon and copper atoms, forming the
bond across the interface. Because of this nonequivalency in the
bonding between adsorbate atoms, the widely used “energy per
atom” quantity is of limited use for the discussion of the
strength of the bond, i.e., also of noncovalent bonds between
large organic molecules and a metal substrate.
Thus, two characteristic eﬀects, the hybridization at the
vicinity of the Fermi level and charge redistribution between
substrate and molecule, and the distortion of molecular
conformation as well as of the Cu surface atoms provide
unambiguous evidence for a signiﬁcantly stronger adsorption
than typical for van der Waals physisorption. We conclude that
these eﬀects can be taken as indicators for the enhanced,
chemisorption-like interaction of large organic molecules with a
metallic substrate. This interaction and its structural and
electronic side eﬀects at the organic−metal interface is a crucial
determinant of organic electronic devices, thereby motivating
further in depth studies.
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