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ABSTRACT: For applications such as molecular electronics and
spintronics, it is very important to accurately describe the interface
between molecular species and the underlying surfaces. In this work,
we have used low temperature scanning tunneling microscopy to
study the physical and chemical interaction between individual
cobalt−tetraphenylporphyrin molecules and a copper nitride
monolayer. We have demonstrated that the Cu3N−Cu(110) system
promotes a selective decoupling of the porphyrin macrocycle from
the local environment, allowing visualization of the molecular orbitals
and vibronic states of the molecule, while maintaining a strong
coupling between the Co-dz2 orbital and the substrate. The reverse
behavior was observed for adsorption of the same molecule onto a
metallic Cu(110) surface. First-principles calculations confirm both
the molecular adsorption site and the electronic decoupling of the
molecular states from the substrate.

■ INTRODUCTION

The electronic and magnetic coupling between molecules and
surfaces is of general interest for molecular electronics,
molecular magnets, spintronics, and quantum computing.
Additionally, the preparation and manipulation of low-dimen-
sional systems is of fundamental importance to solid-state
physics. In this context, one family of molecules that has
attracted great attention are porphyrins,1−6 which can host a
large variety of metal atoms7,8 and have been studied as single
molecules, self-assembled thin films, and bulk materials.
The electronic and magnetic properties of metal−organic

complexes are strongly affected by the density of states of the
substrate to which they are adsorbed.9−14 The coupling
between the molecule and the substrate causes energy shifts
and mixture and broadening of discrete molecular orbitals.15

Therefore, in an effort to obtain a detailed understanding of the
intrinsic properties of the molecule and its potential use in
applications such as molecular electronics, it is important to
investigate systems where electronic decoupling between the
molecule and the substrate is observed. Ultrathin insulating
layers have been used to control the surface electron density
and consequently the coupling of molecules to the substrate.12

This approach allows the direct imaging of molecular orbitals
similar to the ones observed for free molecules. The insulating
spacer layer also increases the lifetime of transient molecular

charge states, allowing the detection of vibronic states via STM
conductance measurements.16

In this work, we use a low-temperature scanning tunneling
microscope (LT-STM) to demonstrate that a monolayer of
Cu3N can be used to reduce the interaction between a Co−
TPP (cobalt−tetraphenylporphyrin) molecule and the
Cu(110) substrate, allowing the observation of both vibronic
states and the corresponding density of states of the C atoms
similar to that observed for the molecule in the gas phase. First-
principles calculations based on density functional theory
(DFT)17−19 were carried out to obtain the structural
configuration and the electronic properties of the Co−TPP
molecule on both Cu(110) and Cu3N−Cu(110) substrates.
The Co−TPP/Cu3N−Cu(110) system is unique because the

porphyrin macrocycle experiences little interaction with the
substrate despite the fact that the central Co atom is strongly
anchored to the surface with strong coupling with the N atom,
majorly due to a Co-dz2/N-pz interaction. In addition, another
surprising result is the capacity of the Cu3N monolayer to allow
single molecule room temperature deposition and stability,
what is of significant importance for future device fabrication.
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The DFT results support the role of the Cu3N as a selective
decoupling monolayer. According to calculations, Co−TPP
molecule is decoupled in terms of interactions between states
from the porphyrin macrocycle, but at the same time the Co
atom is strongly coupled in terms of the interaction of Co-dz2/
N-pz states, giving place to a selective or differential decoupling
between Co−TPP molecule and Cu3N−Cu(110) surface. For
these reasons, we denominate this behavior as a selective
hybridization, which is fundamental for the understanding of
the electronic structure of the system.

■ EXPERIMENTAL AND THEORETICAL METHODS

Experimental Section. The experiments were carried out
in a low-temperature STM system operated at 4.6 K, consisting
of three separate ultrahigh vacuum (UHV) chambers used for
substrate preparation, molecular deposition, and STM measure-
ments. The single crystal Cu(110) sample was cleaned by
repeated cycles of 2000 eV Ar+ ion sputtering and annealing at
750 K. The copper nitride Cu3N surface was prepared on a
clean Cu(110) substrate following the recipe presented in ref
20. N2 was introduced into the chamber at a constant pressure
of 1.1 × 10−8 mbar and activated by bombarding through an
ion gun with beam energy of 450 eV, while the sample was kept
at 690 K. Low energy electron diffraction measurements
displayed a p(2 × 3) pattern (results not shown) characteristic
of copper nitride as expected.20 The copper nitride thin film
covers the entire copper substrate, and the surface is composed
of atomically flat terraces with typical widths on the order of
hundreds of nanometers. Figure 1a shows a high-resolution
STM image of the Cu3N layer, where the distance along the
(11 ̅0) and (001) directions of the (2 × 3)N unit cell are 5 and
11 Å, respectively. The Co−TPP (cobalt−tetraphenylporphyr-
in) molecules were purified by vacuum sublimation prior to
deposition on the Cu(110) and Cu3N−Cu(110) surfaces.
During the deposition, the substrates were kept at room
temperature. Spectroscopic measurements were performed
using the lock-in amplifier technique with a 5 mV sine wave
applied to the sample bias. Images obtained at positive/negative
sample bias voltage corresponds to unoccupied/occupied
states, and 0 V represents the position of the Fermi level. All
spectra taken of the molecules were compared with the dI/dV
spectra of the clean substrate both before and after measuring
the molecule to avoid tip effects.
Computational Methods. The theoretical study is based

on first-principles density functional theory17,18 and the model
used for the system Co−TPP/Cu3N−Cu(110) consists of a
single Co−TPP molecule situated above the Cu3N monolayer,
which itself was constructed on a 5 layer Cu(110) slab. The
simulations were performed using the ab initio program VASP
(Vienna ab initio simulation program)21−24 developed at the
Institut für Material Physik of the Universitaẗ Wien. The PBE25

generalized gradient approximation (GGA) functional has been
used, and the projector-augmented wave method (PAW)26,27

has been employed to treat the atomic cores. The precision
setting for the VASP calculations was set to the one that
corresponds to a global plane-wave energy cutoff of 500 eV.
The size of the grid was 120 × 90 × 144 points per k-point, and
a grid of 4 × 4 × 1 k-point has been used.
The vibrational spectra was determined utilizing Gaus-

sian0928 using hybrid exchange correlation functional B3LYP
with the 6-311G* basis set.

■ RESULTS AND DISCUSSION
Co−TPP on Cu3N−Cu(110). Figure 1a displays a typical

STM image of the Cu3N−Cu(110) surface, which is terminated
by rows of N atoms. Co−TPP was deposited onto this surface
at submonolayer coverage in an effort to study individual
molecules. Figure 1b shows an STM image of a single Co−TPP
molecule on top of this surface. The molecule can be described
as a protrusion with a central bright feature, due to the cobalt
atom in the center of porphyrin macrocycle, and four legs,
corresponding to the phenyl rings. Through analysis of several
individual molecules, we conclude that the center of the TPP
molecule is located above the rows of nitrogen atoms with the
four legs (phenyl groups) positioned in the Cu3N troughs, that
is, the molecule assemblies centered on the bright spots over
the substrate rows, orientated in the (11 ̅0) direction, as can be
seen in the figure.
Figure 1c shows a top view structural model of the planar

Co−TPP molecule as it sits above the highest N rows of the (2
× 3)N reconstruction. A full ionic optimization, with a fixed
unit cell, of the molecule on the Cu3N monolayer confirms the
experimental observation that the Co atom is sitting on the top
of the N row, and specifically atop an N atom. Figure 1d shows
that the optimized structure has a very short cobalt to nitrogen
distance of dCo−N = 2.72 Å. Additionally, the strong STM signal

Figure 1. (a) High-resolution STM image of the Cu3N monolayer. A
schematic shows the placement of the N atoms of the (2 × 3)N
reconstruction (blue circles). The lattice is based on the structural
model of ref 20. (b) STM image of a Co−TPP molecule adsorbed on
the ordered copper nitride/Cu(110), recorded at V = −1.0 V and I =
0.5 nA. Top view (c) and lateral projection (d) of the structural model
for Co−TPP molecule deposited on the Cu3N surface. The simulated
spin density map for the optimized relaxed structure showing the half-
filled Co-dz2 orbital is also presented. The light blue and yellow colors
represent the up and down spins, respectively.
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at the center of the porphyrin molecule in Figure 1b is in
agreement with the simulation, which shows the Co in a low
spin state (S = 1/2) with a half-filled dz2 orbital.
Figure 2a shows the dI/dV spectra taken at different

positions above the Co−TPP molecule, as indicated in the

inset STM image. For the voltage range −1.5 to +1.5 V, two
peaks are observed at the center of the molecule (position 1),
one close to the Fermi level and another at 0.92 eV
corresponding to LUMO/LUMO+1 states. For energies less
than −0.5 eV, a noticeable increase of the signal was observed
in the dI/dV spectra, but these broad, low intensity features do
not correspond to what would be expected for HOMO peaks.
The peak at the Fermi level could be attributed to a Kondo
effect, as previously reported for both Fe− and Co−
phthalocyanine molecules after the decoupling from the
underlying substrate.10,29 However, the direct observation of
this effect by STS measurements is complex due to localized
ionized states and their crystal field splitting.30 At positions 2
and 3, the STM tip probes the pyrrolic ring and the methine
bridge (region connected to the phenyl ring) of the porphyrin
macrocycle, respectively. The contribution of the LUMO/
LUMO+1 is stronger and sharper at these locations, suggesting
the decoupling of the porphyrin ring from the surface. This
effect could also be explained by the local molecular orbitals;
however, when comparing the same molecule on others
substrates, we observed that the peaks are more strong and
sharp on copper nitride surfaces (see Figure 4a for Co−TPP on
Cu(110)). In order to check if the induced electric field from
the STM tip influences the position of the LUMO/LUMO+1
states for this system,31 we measured the position of these
peaks at different tip/molecule distances, and no significant
deviation from the original position at 0.92 V was observed.
For positions 2 and 3, two additional peaks are clearly

observed for voltages higher than 1.0 V. These peaks, which are
also present at position 1 but with lower intensity, are
attributed to vibronic states of the molecule.9 The curve
corresponding to position 4 was added to show that the copper
nitride monolayer has a reduced conductance compared to the
molecular conductance and does not contribute with peaks in
the energy range of interest.
Figure 2b shows the dI/dV maps at four different voltages,

0.03, 0.92, 1.13, and 1.33 V, and Figure 2c presents the
corresponding theoretical STM simulations for 0.03 and 0.92 V,
as obtained by using the Tersoff−Hamann method32 with a
constant height of 3 Å above the topmost H atoms of the
CoTPP. Some dissimilarities between experiment and simu-

Figure 2. (a) dI/dV spectroscopy at three different positions above a
single Co−TPP molecule as indicated in the inset STM image
recorded at 0.96 V bias and 0.62 nA tunneling current. The spectra
were taken with an open feedback loop at initial parameters of I = 1.0
nA and V = −1.0 V. The dI/dV signal for the substrate is also shown
for reference. (b) dI/dV maps at different voltages and (c) simulated
STM obtained at Fermi level and LUMO/LUMO+1 positions. Note:
in the case of simulated STM map at Fermi level some contribution
from N atoms appears as small dots around the central spot.

Figure 3. Density of states as calculated for the molecule in the gas phase, absorbed on Cu3N−Cu(110) and absorbed on Cu(110), for Co-d and Co-
dz2 states (a) and Co-d and Co-π states (b).
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lation could be arisen from the tip in theoretical model, that
considers a single atom at the apex,33 the short distance
between tip and molecule, and the xc-potential utilized in the
calculations, which may slightly modify the structural geometry.
For example, van der Waals corrected xc-potential34−36 could
enhance the C-π and surface interactions, in comparison to our
selected GGA-PBE xc-potential with some small differences in
the final geometries.
The dI/dV map at 0.03 V shows the contribution of Co close

to the Fermi level. This simulated map, Figure 2c, display also
the contribution from N atoms as small dots around the central
spot. The dI/dV map obtained at 0.92 V corresponds to the
LUMO and LUMO+1 states of the molecule, as can be inferred
from ab initio calculations reported by others31 and confirmed
by us as well. At this potential, no feature is observed in the
center of the molecule, corresponding to contributions of the
Co atom, as confirmed by the spectra simulation for the Co-d
levels after the absorption on the Cu3N monolayer, as will be
discussed in Figure 3. The CoTPP LUMO/LUMO+1
molecular orbital presents two orthogonal nodal planes that
intersect at the Co position. Because of the interaction of Co−
TPP with the surface, a deformation occurs where two pyrrole
C−H bonds come upward and the remaining two come
downward.33,37 For this reason, the experimental STM only
shows one nodal plane since the outermost pyrrole groups are
more intense in the STM image for 0.92 V and in agreement
with Figure 2c for the LUMO/LUMO+1. The remaining
peaks/features at 1.13 and 1.33 V will be discussed in detail
later.
Figure 3 shows the density of states as calculated for the

molecule in the gas phase, absorbed on Cu3N−Cu(110) and
Cu(110), for Co-d and Co-dz2 states (Figure 3a) and Co-d and
Co-π states (Figure 3b). Comparing these results for the C
atoms, we observed that peaks are wider for molecules on
Cu(110) in comparison with the nitride surface, indicating that
for these orbitals the Cu3N monolayer could be promoting a
relative decoupling of the molecule. However, the broadening
of the peaks for Co-d spin orbitals, particularly Co-dz2, indicates
a strong hybridization of these orbitals, and the decoupling is
not true between the substrate and the Co atom existing in the
center of the porphyrin macrocycle. It is important to mention
that this interaction does not conspire with the strong
interaction between Co and TPP macro-cycle, since dz2 orbitals
are originally well localized because of the lack of possible
hybridization with neighbor atoms due to the symmetry of the
orbital. The calculated LUMO\LUMO+1 peak of the Co−TPP
adsorbed on the Cu3N monolayer is located at ∼0.97 eV,
consisting of a red-shift of ∼0.05 eV in comparison to the
experimental result shown in Figure 2a, and with the strong
component of Co-d states located at ∼0.96 eV. It is important
to mention that differences in the energetic positions of the
experimental and theoretical data are acceptable considering
the limitations of DFT. The LUMO and LUMO+1 peaks in
Figure 3 are pretty proximate in energy for the Co−TPP free
molecule, with two orthogonal π delocalized molecular orbitals.
After the absorption on the surface, the symmetry is broken
and an enhancement in the calculated LUMO and LUMO+1
splitting is observed. However, this splitting is not sufficiently
high for allowing a direct observation in the experimental dI/dV
curves, as shown in Figure 2a.
The calculated DOS for the molecule on the surface is in

good agreement with the experimental data. A small broad-
ening is observed for C peaks and a large one is observed for

the Co-d orbital. The intensity of the peaks at negative bias
voltages is much lower in the experimental case and is most
likely due to the following factors. First, the tip/molecule
interactions were not included in the simulated DOS. Second,
our theoretical dI/dV curve corresponds to the total DOS
projected on all the different electronic states, and thus, it may
differ from a local DOS (LDOS) projected at a given position
in the vacuum region. This last approximation could give better
results, particularly for the intensity of the dI/dV signal, making
easier the comparison with the experiments. However, it is not
the objective of the present work to incorporate a detailed
theoretical dI/dV calculation since the structure of the STM tip
is not known, and any consideration would be just an
approximation. The total DOS help us in the identification of
the orbital/atom origin of the experimental dI/dV peaks.
Regarding the experimental results, the molecular orbital

shape is confirmed by dI/dV images at selected energies; see
Figure 2c. The experimental maps obtained at 1.13 and 1.33 V
look similar with contributions from the macrocycle and phenyl
groups. Additionally, according to the calculations, the
following Co−TPP LUMO+n (for n > 1) states appear at 2
V (Figure 3), with no direct evidence of molecular states in the
range between 0.92 and 1.50 V. Regarding the molecular
topology, both images look similar, but deep observations allow
us to make distinctions between them and a characterization in
terms of vibronic states. The spatial imaging and spectroscopic
mapping of the individual vibronic states and the comparison
with DFT calculations enable the assignment of the vibronic
progressions. According to the shift in peak energy, of 200 and
400 meV, the spectroscopic sequence could be assigned to
phenyl/porphyrin C−C and phenyl/porphyrin C−H vibra-
tional modes, respectively. These values were obtained by
means of vibrational calculations on CoTPP free molecule,
utilizing DFT at B3LYP/6-31(g) level of theory with
Gaussian09.28 According to this procedure, the Co−TPP
vibrational spectrum shows strong electric dipole mediated
transitions at 1650 cm−1 (203 meV) corresponding to phenyl
modes and 3290 cm−1 (400 meV) corresponding to C−H
modes. The energy of these transitions is very close to the
observed peak energy shift of 0.20 and 0.40 eV in reference to
LUMO/LUMO+1, giving place to peaks at 1.13 and 1.33 V. It
is important to mention that the presented theoretical STM
images did not include the vibrational contribution to the
theoretical STM images, but this could be the subject of further
work. Additionally, we have performed further calculation in
order to discard the electronic origin of the vibronic peaks. The
simulations checked that the energy splitting of the π-orbitals
does not depend on the coordination site of the cobalt atom on
the Cu3N surface, even in the case of interacting with N. When
the Co−TPP interacts with a N-vacancy in the Cu3N
monolayer and spin and LUMO/LUMO+1 splittings are
observed, the splitting does not exceed ΔE = 165 meV.
Because of the value of the charge splitting, the shape of
LUMO orbitals, and the corresponding energy splitting for the
vibronic modes, we have assumed that the states located at 1.13
and 1.33 V correspond to vibronic states. Finally, the inspection
of Figure 2b indicates that the image collected at 1.13 V
presents a contribution localized at phenyl and pyrrol rings,
where the C−C vibrations are most important. In the case of
the image collected at 1.33 V, there exist a contribution more
localized at the edges of the molecule and in the phenyl group
as well, in concordance with the localization of the C−H bonds.
In summary, the mechanism corresponds to an electron from
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the STM tip that tunnels resonantly into a vibronic state of the
molecular orbital. Then the electron leaves the molecule
tunneling into the substrate, and the molecule returns to its
neutral state and stay maybe in a vibrationally excited state.
The localized vibronic modes could be generated nonlocally

through the delocalized π-electron state of the TPP skeleton.
For this reason, the spatial images for the different vibronic
modes present the same spatial distribution of the molecular
orbital that contains the modes. Following to the Franck−
Condon principle, the vibronic transitions between two LUMO
states can be ruled out due to their poor overlap with the
substrate, as confirmed by our calculations when the orbitals of
the porphyrin core remain almost unmodified, in difference to
the states coming from the Co atom in the CoTPP molecule.38

Moreover, the simulations for the CoTPP molecule on
Cu3N−Cu(110) show that there exists a very low contribution
from Co-dz2 states at the Fermi level. Therefore, the peak,
experimentally located at 0 eV cannot be attributed only to the
Co−TPP molecule or the Cu3N substrate because of its
unusually high intensity, leaving open the possibility of a
Kondo-type contribution.
Co−TPP Molecule on a Clean Cu(110). Figure 4a shows

the dI/dV spectra of the Co−TPP molecule on a clean
Cu(110) substrate taken at different positions, as indicated in
the inset. Image was recorded at 32 mV bias voltage and 1.0 nA
tunneling current. The spectrum for the substrate is also
presented for comparison (position 1). At the center of the
molecule (position 4), two peaks at −0.72 and 1.0 V are
observed, and they are attributed to occupied HOMO and
unoccupied LUMO/LUMO+1 orbitals, respectively.

When comparing the spectra acquired at different positions
on the molecule, a shift is observed of the LUMO/LUMO+1
peak position that is proportional to distance from the Co
atom, i.e., 1.0 eV at the center of the molecule (position 4),
0.91 eV at the pyrrolic ring of the porphyrin macrocycle
(position 3), and 0.86 eV at the methine bridge of the
porphyrin macrocycle, region connected to the phenyl ring
(position 2). This behavior is expected and arises from the
competition between the contribution of the C levels and the
Co-d level to the LDOS. Similar results have been observed for
Cu phthalocyanine on NiAl(110).9 Moreover, the HOMO peak
decreases in intensity without any shift in energy when the dI/
dV spectra are measured at different positions from the center
to the phenyl ring, suggesting that the main contribution to this
molecular orbital is from the Co-d spin down orbitals, as shown
in Figure 3. For the spectrum obtained on position 2, only the
LUMO peak is observed, analogous to H2−TPP molecules on
Ag(111)39 and on Cu3Au(100) substrates (result not shown),
confirming that at this position the Co atom does not
contribute to the tunneling current. This behavior is also
supported by the calculations, which show that the distance
between the Co and both Cu atoms at the Cu(11 ̅0) row is
approximately dCo−Cu = 2.87 Å (Figure 4b), which is higher
than the distance for cobalt to nitrogen of dCo−N = 2.72 Å in
Cu3N−Cu(110) substrates (Figure 1d).
The optimized geometry of the CoTPP molecule corre-

sponds to a saddle conformation according to Donovan et al.37

Nevertheless, it is important to mention that there are some
differences, mostly related to the degree of distortion of the
molecule, which is directly linked to the type of xc-potential

Figure 4. (a) dI/dV spectroscopy taken at different positions on a Co−TPP molecule on Cu(110) and (b) the corresponding theoretical DOS curve
from carbon and Co atoms. The inset image was record at 32 mV bias voltage and 1.0 nA tunneling current. Top view (c) and view of the Co−TPP
molecule between two1−10 rows adopting the saddle conformation (d).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4013625 | J. Phys. Chem. C 2013, 117, 15984−1599015988



used in the DFT calculations. We selected GGA-PBE, and
Donovan et al. utilized a postcorrection scheme of the
Langreth−Lundqvist van der Waals density functional (vdW-
DF); see ref 37.

■ CONCLUSIONS
The combined DFT study and LT-STM results support the use
of the copper nitride as a spacer layer between the
tetraphenylporphyrin molecule and the metallic substrate.
The combination of the topological corrugation and the
chemical nature of the Cu3N monolayer clearly reduces
selectively the hybridization of the C levels of the adsorbed
molecule and support a strong hybridization of the Co-dz2
orbital. In this case, the corrugation of the copper nitride
behaves as an anchor for the Co−TPP molecule, favoring the
interaction between the Co atom in the center of the porphyrin
and the higher N atom on the reconstruction, inducing not
only chemical but also physical decoupling of the porphyrin
macrocycle to the underlying Cu substrate. However, despite
the fact that a stronger interaction with the Cu(110) metallic
substrate causes an asymmetry in the molecular geometry, a
smaller hybridization of Co-d levels is detected when
comparing to the Cu3N layer. This fact is a consequence of
the configuration of the Co atom for the single molecular
adsorbate, enabling Co-d levels similar to the ones for free
molecules.
In summary, experimental and theoretical results support the

idea of Cu3N monolayer as a decoupling layer for
tetraphenylporphyrin molecules that possess a central Co
atom. The decoupling feature is no longer true for cobalt,
which presents a strong interaction with N of the Cu3N surface.
This opens up the possibility to investigate native molecular
orbitals and vibronic states of molecules that are not completely
electrically isolated from the surface and pinned to a specific
site. The reverse behavior was observed for molecular
adsorption on a metallic Cu(110) surface. These coupling
properties are important to understand the development of
future molecular electronic devices. Appropriate matching of
molecule architecture and substrate configuration is also an
important aspect for future fundamental and applied studies.
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