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Electronic Mapping of Molecular Orbitals at the Molecule-Metal Interface
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The molecule-metal interface formed by pyridine-2,5-dicarboxylic acid chemically bonded to the Cu
(110) surface is investigated by scanning tunneling microscopy and first-principles calculations. Our
current-voltage spectroscopy studies reveal an electronic mapping of molecular orbitals as a function of
tip position. By combining experimental and theoretical investigations, individual molecular orbitals are
characterized by their energy and spatial distribution. The importance of adsorption geometries and
conformational changes on the electron transport properties is highlighted.
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In the past decade, we have witnessed significant
progress in integrating organic molecules in functional
molecular devices like single molecule diodes [1,2] or in
organic field-effect transistors [3,4]. To improve the func-
tionality of such molecular electronic devices, an essential
prerequisite is to gain a substantial understanding of the
electronic structure of molecule-surface interfaces near the
Fermi level that ultimately controls the performance of
such a device [5-7].

In this context, the precise energetic alignment of the
molecular orbitals with respect to the Fermi level of the
substrate, in particular, that of the highest occupied mo-
lecular orbitals and the lowest unoccupied molecular orbi-
tals, is a key component of the electronic structure of the
molecule-surface system under consideration. Therefore,
in this Letter we present a detailed electronic mapping of
molecular orbitals (MOs) by distance-dependent current-
voltage (I-V) spectroscopy. Combining the spatially re-
solved scanning tunneling spectroscopy (STS) results
with density functional theory (DFT) investigations, we
show how to identify the electronic structure of a molecule
chemically bonded to a metallic surface. As a model
system we investigate the adsorption of the pyridine-2,5-
dicarboxylic acid (PyDCAH,) on Cu(110).

Our ab initio total-energy calculations have been per-
formed in the framework of DFT [8] by using the Perdew-
Burke-Ernzerhof [9] exchange-correlation energy func-
tional as implemented in the VASP code [10,11]. A detailed
description is available in the supplementary material [12].
We first note that, in the case of the PyDCAH, molecule,
which adsorbs on the Cu(110) surface under deprotonation
of one carboxyl group, forming PyDCAH, several different
adsorption geometries must be taken into account due to
the presence of a nitrogen atom in the aromatic ring.
Therefore, we differentiate in the following between
C,H,N?Q,, describing a PyDCAH molecule with the
nitrogen on position two in the ring (counting the ring
atoms from the carbon atom located at the bonded carbox-
ylate unit), and C;H,N®Q,, denoted as configuration {1}
and {2}, respectively. Experimentally, there is no possibil-
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ity to influence the orientation of the molecule during the
adsorption process or to monitor topographically which
configuration is preferentially adsorbed. If the PyDCAH
molecule adsorbs in configuration {2} on the surface, the
orientation of the COOH top group becomes important
and three conformations are conceivable [see insets in
Fig. 1(a)]. We note that the conformers {2a} and {2b} differ
through a rotation of the COOH group around the C-C
bond between the ring and carboxylic group. On the other
hand, the conformers {25} and {2¢} differ through a rota-
tion of the hydroxyl (OH) group around the C-O bond
within the carboxylic group. Comparing the different ad-
sorption geometries, in terms of their adsorption energies,
leads to a PyDCAH molecule adsorbed in conformation
{2c} onto the surface as the ground state. It exhibits a
hydrogen bond between the carboxylic group and the nitro-
gen atom of the aromatic ring. However, the other meta-
stable conformations without a hydrogen bond are with
120 ({2a}) and 190 meV ({2b}) slightly higher in energy
[13], with respect to the ground state configuration {2c}.
Furthermore, the calculated adsorption energies of the
C,H,N?0, ({1}) and C;H,N®O, ({2a}) configurations
are practically identical and are similar to those reported
for other molecules that adsorb via carboxylate group on
the Cu(110) surface [14-16]. All rotation barriers for the
rotations described above and the relative energies of the
different adsorption geometries are available as supple-
mentary material [12].

In Fig. 1(a), we present the local density of states
(LDOS) calculated for the four possible adsorption geome-
tries related to the position of the nitrogen atom and the H
atom of the carboxylic group. In particular, we focus on the
molecule-surface electronic states at the molecular side
which have a predominant o (i.e., in-plane) or 7 (i.e.,
out-of-plane) contribution with respect to the molecular
plane. We exemplarily plot the spatial distribution of the
charge density in a specific energy range associated with
the molecular LDOS for the conformation {2a} in Fig. 1(b)
and for the configuration {2c} in Ref. [12]. Close to the
Fermi level, the LDOS shows three occupied o orbitals
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FIG. 1 (color online). (a) Calculated LDOS of a PyDCAH
molecule chemically bonded to the Cu(110) surface in four
possible configurations: C;H,N®0,, C;H,N®O, {24} with
the H atom of the carboxylic group pointing up, C;H,;N®O,
{2b} with the H atom pointing up above the nitrogen atom, and
with the H atom pointing down {2¢} towards the N atom. The red
line represents the states with a 7-type character, and the black
line the states with the o-type character. (b) Charge density plots
of the electronic states of C;H,;N®'O, {24} in a specific energy
range corresponding to the LDOS depicted above.

which can be related, with the help of the charge density
plots, to the carboxylic top group (o), the nitrogen atom in
the ring (o,), and the binding carboxylate group (o). For
the bonding o and the antibonding o] states, we note that
the charge density is mainly localized on the carboxylate
group (COO™) leaving the top carboxylic group (COOH)
at the vacuum interface with no charge contribution. This
charge density localized between the bonding carboxylate
functionality and the copper surface illustrates the inter-
action of the molecular orbitals with the d-band elec-
trons of the copper. Furthermore, the LDOS calculations
show three 7r orbitals which are all predominantly located
at the pyridine ring. From the electronic point of view,
the presence of nitrogen in conjugated heterocyclic mole-
cules lowers their 7r-orbital energies while some of the o
orbitals are pushed to higher binding energies [17-19].
This feature can be seen for all adsorption geometries
shown in Fig. 1(a). One can also observe that the hydrogen
bond (configuration {2c}) shifts the o3 orbital to lower
binding energies. As a general observation, the carboxylate
group of PyDCAH is involved in all bonding molecular
states like 77 and o5 to 0.

STM investigations were performed on self-assembled
monolayers of PyYDCAH on Cu(110) single crystals. The
experimental details are available in Ref. [12]. Images
were obtained in constant-current mode, while spectros-
copy data are current-voltage characteristics with the volt-

molecules are ordered in a close-packed structure of stand-
ing up molecules. The STM tip was positioned above a
molecule and then the STM was put into spectroscopy
mode. A series of /-V measurements was started with the
tip position far away from the molecule. Here the set point
tunneling current was I, = 0.1 nA at a sample bias volt-
age of Vg, = —2.0 V. After the feedback loop had been
turned off, the bias voltage was increased from —3.0 to
+3.0 V, while recording the resulting current at steps of
0.01 V. After each voltage sweep, the feedback loop was
turned on again and the tip height was readjusted before
starting again. After ten sweeps, Is,, was increased by
0.1 nA, while the sample bias voltage was kept constant
and a new series of sweeps was started. This procedure was
repeated until /5., = 0.6 nA was reached. For higher cur-
rents a significant change in the topographical image was
visible, presumably due to the destruction of the molecular
layer. The same procedure was repeated several times and
with different tips. In this way an unambiguous assignment
of the I-V curves to the electronic structure of the
PyDCAH-Cu system is possible. All spectroscopy data
shown here were averaged over ten curves and compared
with the data obtained for various molecules spread over

—0.1nA
0.2nA
——0.3nA
——0.4 nA
0.5 nA
—— 0.6 nA

current [nA]

voltage [V]

FIG. 2 (color online). -V spectra of a PyDCAH molecule on
Cu(110) in dependence of the set point current and high resolu-
tion STM image of PyDCAH molecules ordered in a close-
packed structure of standing up molecules.
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the samples. In Fig. 2, the results of a series of current-
voltage spectroscopy measurements at various tip-sample
distances are illustrated.

For an interpretation of the spectroscopic data, dI/dV
curves were calculated from the /-V data. We forbear from
plotting the normalized differential conductance in this
work because we focus on the appearance and disappear-
ance of peaks in dependence on the tip-sample distance.
The dI/dV curves can be compared to the LDOS calcu-
lated for the adsorbed PyDCAH on Cu(110) by DFT. In a
first step, all measured dI/dV curves of the PyDCAH
molecule were plotted separately, and a first finding is
that, starting from a set point current of 0.1 nA and going
to 0.3 nA, an accretion of defined peaks in the dI/dV
spectra can be measured. The peaks do not change their
shape or their energy. This means that at this large tip-
sample distance the STM detects the same molecular orbi-
tals. Further increasing /g, causes changes in the number
of monitored peaks as well as changes in their intensity and
energetic position until at 0.7 nA the tip causes irreversible
changes in the molecular layer.

We first focus on the unoccupied molecular orbitals, e.g.,
oy, 7}, and 75, and analyze their behavior in dependence
of the set point current. At 0.3 nA a first peak at +1.5 V
and at 0.4 nA the appearance of a second peak at around
+2.3 V are observed. With increasing current, both peaks
then shift to lower energies whereas o} is not detectable.
By combining the experimental peak energies with the
LDOS calculations for the four possible adsorption geome-
tries of the PyYDCAH molecules [Fig. 1(a)], we conclude
that the first appearing peak is related to the 7} orbital and
the second one to the 775 orbital. Comparing the isosurface
plots [Fig. 1(b)] of these two orbitals reveals that the 7}
orbital has an extension at the carboxylic top group,
whereas the 775 orbital is located mostly at the aromatic
ring. Accordingly, if the tip is moved towards the sample,
first the 7] orbital and then the =5 orbital should be
detected, as predicted by theory. At closer distances the
electric field of the tip causes the shift of these orbitals to
lower energies as reported also for other 7r-conjugated
systems [23,24]. Furthermore, the isosurface plots show a
location of the o orbital direct at the copper surface,
explaining that no detection is possible within the current
window of experiment. From the analysis of the unoccu-
pied MOs, no differentiation between different adsorption
geometries can be made because all LDOS fit more or less
to the experimental dI/dV curves, visible on the right-
hand sides of the spectra in Fig. 3.

The occupied molecular orbitals, e.g., 7, o, 0,, and
especially o3, show a more complex behavior depending
on the set point current. At I, = 0.3 nA, two peaks are
detectable in the experimental dI/dV spectrum beside the
unoccupied 7j-orbital peak. The first peak appears as a
sharp peak at around —2.6 V, whereas the second one, at
around —1.75 V, is broad and could be caused by moni-
toring two molecular orbitals. Comparing the isosurface
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FIG. 3 (color online). Experimental dI/dV spectra acquired
over PyDCAH on Cu(110) with varying current set points at
Vst = —2.0 V and calculated LDOS with the ¢ and 7 orbitals
marked in black and red, respectively. With increasing set point
current (a)—(d), the o5 orbitals (marked in light green) change
their energetic position relative to o, and 7r; indicating config-
urational changes. Outlined in the schematic plots on the right
are the molecular parts detected as a function of tip height.

plots leads to an expected appearance of the o5 orbital, of
the o, orbital in lower intensity, and of the 77| orbital at this
tip-sample separation. Analysis of the top-group-related
o5 peak shows that the experimental data do not fit to
geometry {1} and {2b}. These geometries can be excluded
as the starting configuration of the PyDCAH molecules
under investigation. With this we can conclude that the
PyDCAH, molecules are not adsorbed in configuration {1}.
The two remaining conformations are both consistent with
the experimental data [Fig. 3(a)]. In the case of conforma-
tion {2a} both orbitals o3 and o, can be assigned to the
broad peak, whereas in conformation {2c} the energies of
o5 and 77 are the same. At this set point, only the orbitals
located in the upper part of the PyDCAH molecule are
monitored. Decreasing the tip-sample distance, i.e., in-
creasing Ig., to 0.4 nA, results in dI/dV spectra plotted
in Fig. 3(b). Three occupied MOs are visible in the experi-
mental spectrum. The 7; orbital at high negative energy
stays constant, whereas the o, peak gets sharper at slightly
lower negative energy. In between these peaks, a new one
can be detected at around —2.2 V. Comparing again with
the LDOS calculations, we conclude that conformation
{2a} is not compatible with these measured dI/dV curves
whereas conformation {2b} fits best. The middle peak is

066801-3



PRL 105, 066801 (2010)

PHYSICAL REVIEW LETTERS

week ending
6 AUGUST 2010

identified to be the o5 orbital. In the case of molecules like
PyDCAH, a changing of conformations in dependence of
the set point current is possible because the carboxylic top
group can rotate around the C-C bond. Thus, experimental
data point to a rotation in the presence of the applied
electric field from conformation {2a} to {2b}. The dI/dV
spectrum at /g, = 0.5 nA [Fig. 3(c)] shows a convergence
of the 77| and the o5 peak, and they are recorded with high
intensity at —2.7 V. The conformation which fits best to
the experimental data is here conformation {2¢}. This again
points to a rotation, in the way that the H atom of the top
carboxylic group rotates around the C-O bond. Further
lowering the tip position (0.6 nA) results in dI/dV curves
reflecting also the molecular orbital located at the binding
carboxylate group, i.e., oy [Fig. 3(d)]. This o-type orbital
is localized near the Cu(110) substrate and has an energy
close to the Fermi energy.

Compiling the results of the detailed single set point
analysis concerning the adsorption geometries shows that
two interpretations are possible. A first possibility is that
the investigated PyDCAH, molecules are adsorbed in the
stable conformation {2c}, with a hydrogen bond between
the carboxylate top group and the nitrogen. In this case, the
dl/dV spectra at I, = 0.4 nA cannot be fully explained
by the present data. The second possibility is a combina-
tion of different conformations which are converted by
rotations of the atoms of the carboxylic top group.
Starting with conformation {2a}, the top carboxylic group
rotates with increasing electric field, resulting in confor-
mation {2b} at I, = 0.4 nA. The hydrogen atom is then
located above the nitrogen, and due to interactions, caused
by the increasing electric field, the H atom of the carbox-
ylic top group flips around the C-O bond. The molecule
ends in conformation {2¢} at Ig,, = 0.5 nA. Recent pub-
lications have shown that a configurational change of a
molecule on a metal surface can be imaged by STM
[25,26] and that a rotation of molecules in an increasing
electric field can be monitored by a sequence of STM
images [27]. Consequently, the change of electronic prop-
erties related to different adsorption geometries can be
monitored by STS, as reported in this work.

In summary, we prove that distance-dependent /-V spec-
troscopy can not only map the molecular orbital energies of
the PyDCAH-Cu(110) system but also the spatial distribu-
tion of the different orbitals. While delocalized states like
the unoccupied 7 orbitals are monitored over a range of set
points, the in-plane localized o orbitals are observed at
specific set points. Thus, combining DFT calculations and
distance-dependent STS enables an electronic mapping of
molecules connected to a metal surface. Furthermore, the
LDOS calculated for PyYDCAH bonded to a metallic sur-
face is used as a fingerprint for analyzing their adsorption
geometries.
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