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Mapping the electronic structures of a metalloporphyrin molecule on Au(111) by scanning
tunneling microscopy and spectroscopy
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The intramolecular structure of a Co-porphyrin molecule adsorbed on Au(111) is studied using scanning
tunneling microscopy and spectroscopy. As the energy is swept from -2 to +2 eV across Fermi level, the
shape of the molecular image dramatically evolves from a two-lobed object to a shape with a bright center and,
finally, to a four-lobed object. With the help of first-principles calculations, we explain these distinctive features
in terms of the integrated molecular orbitals of a saddle conformation and the contribution of a Kondo state.
Based on the molecular structure and the orbitals, we explain why the modification in the electronic states of
the molecules by the presence of the substrate is relatively modest.
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I. INTRODUCTION

Certain naturally abundant molecules may be useful as
components in future electronic devices.! In particular, por-
phyrins are ubiquitous in biological systems, being the build-
ing blocks for such functional macromolecules as chloro-
phyll, hemoglobin, and myoglobin, where the core reactions
of photosynthesis and the respiratory cycle take place.> Be-
cause of these molecules’ highly conjugated structures and
their flexible functional groups, a number of groups are try-
ing to use them in nanoscience and molecular electronics.>!”
In line with this, the electronic transport properties of por-
phyrin molecular junctions have been studied extensively
and researchers have suggested mechanisms for their nega-
tive differential resistance,* spin-dependent conductance,’
and aromaticity control.® There are also studies regarding
molecule-molecule and molecule-metal interactions that
might be important in the fabrication of molecular devices
using porphyrins.!'~!3 However, understanding the electronic
behavior of porphyrins will demand further information on
the intramolecular structure and the electronic states of these
molecules and the literature in this area is still quite
limited.'*

In this paper, we describe our scanning tunneling micros-
copy (STM) and scanning tunneling spectroscopy (STS)
study of 5-, 10-, 15-, and 20-tetrakis-(4-bromophenyl)-
porphyrin-Co (TBrPP-Co) molecules adsorbed on Au(111).
The same molecule has recently been studied on Cu(111)
with regard to the manipulation of Kondo effect'®!” while in
this study, we focus on the energy-resolved STM images and
electronic states in view of molecular orbitals. In our STM
images, the molecule exhibits continuous but dramatic shape
evolution, which is explained with the help of our first-
principles study.

II. EXPERIMENT

Our experiments were performed with a home-built STM
system that has a base pressure below 7 X 107'! torr. Both
the STM and the STS measurements were carried out at 80
or 8 K. The Au(111) surface was prepared from a thin film
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(2000 A thick) of Au on mica that was exposed to several
cycles of Ar-ion sputtering and annealing at 800 K over the
course of 1 h. The surface cleanliness of the Au(111) was
checked by observing typical herringbone structures on the
wide terraces (about 50 nm) in STM images. Commercially
available TBrPP-Co (Porphyrin Systems, Germany) was first
outgassed in vacuum for several hours and evaporated from
an alumina-coated crucible heated at ~500 K. The coverage
was monitored with a quartz-crystal monitor and controlled
at submonolayer level as confirmed by STM images. The
sample deposited with molecules was loaded to the STM
head and cooled down to 80 K. STM images were obtained
at constant-current mode with a Pt/Rh tip. STS spectra were
obtained by a lock-in technique with a modulation voltage of
10 mV,, and at a frequency of 1.5 kHz. The feedback loop
was open for STS measurement and closed for the mapping
of differential conductance.

III. RESULTS AND DISCUSSION

Figure 1(a) shows an atomic model of the 5-, 10-, 15-, and
20-tetrakis-(4-bromophenyl)-porphyrin-Co molecule. A Co
atom (in reality, Co is in the +2 oxidation state) is at
the center, linked to a macrocycle consisting of four pyrro-
line subunits. Four bromophenyl end groups are attached to
the macrocycle through o bonds. The bromophenyl groups
have a rotational degree of freedom about the axis of the o
bonds, which allows the molecule to adapt to its local
environment.'® Porphyrin molecules can be a planar geom-
etry and also be distorted in response to an environment. The
simplest possible distortion is a saddle conformation in
which two pyrroline subunits in the dotted line in Fig. 1(a)
protrudes relative to the remaining two pyrroline subunits,
causing a shape asymmetry or twofold symmetry.

When the molecules are deposited on Au(111) surface at
about 200 K, they are mobile and form molecular islands.
Figure 1(b) shows a typical STM image obtained after de-
positing porphyrin molecules on Au(111). A molecule is
identified as a dumbbell or two-lobed shape with four legs,
which correspond to the macrocycle and the bromophenyls,
respectively. Sometimes a dumbbell shape with one or two
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FIG. 1. (Color online) (a) Ball and stick model of an isolated 5-,
10-, 15-, and 20-tetrakis-(4-bromophenyl)-porphyrin-Co(II) mol-
ecule. The dotted line represents a distortion axis of this molecule.
Two slightly protruding pyrroline subunits are depicted by yellow
colored (shaded in black and white) regions. [(b) and (c)] Typical
STM images of two-dimensional islands of TBrPP-Co molecules on
Au(111) surface. It=0.1 nA and Vg=-1.6 V. The white arrow is
pointing out the less-rounded molecule, mentioned in the main text.
The atomic model from Fig. 1. (a) is superimposed over a single
TBrPP-Co(IT) molecule in Fig. 1(c). The size of STM images:
(b) 9.5 nm X 9.5 nm and (c) 8.7 nmX 8.7 nm.

less-rounded lobes is observed, such as one at the lower left
of the molecular island in Fig. 1(c); this modified shape is
possibly the product of local configurations. The molecules
show the same trend as others in STM images taken at dif-
ferent energies. The islands are close packed and the mol-
ecules on each island line up in one of two preferred or-
thogonal directions.

It is well known that STM is sensitive to the electronic
structure of molecules as well as to their geometric configu-
ration. Figure 2 shows a set of STM images obtained from a
molecule at a series of sample biases, or energy levels, be-
tween —2 and +2 eV with an incremental energy separation

FIG. 2. (Color online) Bias-dependent STM images for an indi-
vidual TBrPP-Co molecule. /+=0.1 nA. Sample bias voltages are
given at the top of each STM image. The size of all STM images:
1.8 nmX 1.8 nm.
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of 0.2 eV. While the four legs remain at the same locations in
each of the images, the macrocycle of the molecule changes
shape substantially. The transformation seems to occur in a
reasonably continuous manner as the energy changes, the
macrocycle can be seen to take on five distinct shapes as
follows: first, at energies between —2.0 and —1.2 eV, the
two-lobed shape appears, as can be seen in the island of Fig.
1(b). The lobes at —2.0 eV seem a little bigger and elongated
than the lobes at —1.2 eV. Next, at energies between —1.0
and —0.2 eV, a three-lobed shape is visible. As the energy
level increases and approaches the Fermi level, the two outer
lobes become weak while the center protrusion become
prominent, implying that they may have different origins.
Third, at energies between +0.2 and +1.4 eV, a bright-center
shape appears. At +0.2 eV there is a small bright spot at the
center of the molecule; as the energy increases, the spot ex-
pands until it becomes a rectangular shape covering the
whole macrocycle area. Fourth, at an energy of +1.6 eV, a
five-lobed shape can be seen. This can be interpreted as a
composition of two different shapes, a four-lobed shape and
a bright-center shape. Finally, at energies between +1.8 and
+2.0 eV, a four-lobe shape is visible. Among these five
shapes, the second and fourth can be thought of as combina-
tions of two of the other shapes. It should be noted that most
of the images show twofold rather than fourfold symmetry,
even in the four-lobed shape and in the spatial configuration
of the four legs, which implies that the molecule is in a
saddle rather than a planar conformation. We were unable to
find a molecule in planar conformation on Au(111) surface.
When molecule adsorb on surfaces, they try to find stable
structures that can be accommodated by surface atomic
structure. Adsorption configuration and intramolecular struc-
ture will be, in general, strongly dependent on the material
and orientation of substrate. On Cu(111) and Cu(100), it was
reported that TBrPP-Co could form two different kinds of
conformations.'? One of them is a saddlelike structure, show-
ing two lobes at filled state and four lobes at empty-state
STM images. Even though available data are not enough to
be compared with our experiment, they might have similar
energy-dependent behaviors to ours. If then, this molecular
conformation would be an example that is not strongly af-
fected by substrate.

In order to understand the observed features, we per-
formed a first-principles calculation based on density-
functional theory. The density-functional method has been
successfully applied to porphyrin molecules in previous
studies.'*!” We performed spin-polarized density-functional
calculations with the VASP code?® and we used the projector-
augmented wave potential>' and the spin-polarized general-
ized gradient approximation with the Perdew-Burke-
Ernzerhof functional?®> to describe the ion-electron
interactions and the exchange correlations between electrons,
respectively. The energy cutoff for the plane-wave basis was
set to 400 eV. During geometry relaxation, the Hellmann-
Feynman force on each atom was reduced to 0.02 eV/A.

To decide the exact structure of the molecule, we need to
take into account the substrate in our calculation and try
various kinds of geometrical structures to find the best match
to our experimental results. For a first-order approximation,
an isolated TBrPP-Co(II) molecule without a substrate was

245402-2



MAPPING THE ELECTRONIC STRUCTURES OF A...

FIG. 3. (Color online) Representative experiment and simula-
tion results of STM images for an individual TBrPP-Co molecule.
The experiment results are shown in (a)—(f) and the calculation
results for the corresponding sample bias voltages are shown in
(2)—(1). A detailed description about the theoretical method used to
calculate the images is provided in the text. I;=0.1 nA.

considered in our simulation study. To obtain the saddle con-
figuration, we began with the geometry obtained in Ref. 6
and then brominated the paraposition of each phenyl ring.
Next we displaced the nitrogen atoms linked to the central
Co with various degree of distortion and relaxed them with-
out any constraint. Among the locally stable configurations
obtained in this way, we chose the most stable one. To simu-
late the STM image, we employed a relatively large cell of
30X30x30 A%, STM images were produced with the
Tersoff-Hamann approximation.”> The images were con-
structed based on the charge density of the plane lying 4 A
above and parallel to the plane containing the central Co
atom. The intensity of each image was renormalized. From
this simulation, we want to show how our STM image can be
reproduced by our calculations.

Figure 3 shows the simulated results alongside the experi-
mental STM images, which illustrates several distinctive fea-
tures of the molecule. At the unoccupied energy levels, the
simulated results reveal three different structures; a four-
lobed shape at +2.0 eV in Fig. 3(a), a five-lobed shape at
+1.6 eV in (b), and a bright-center shape at +0.6 eV in (c),
which are in excellent agreement with our experimental ob-
servations [(g), (h), and (i)]. At the occupied energy levels,
on the other hand, the simulated results in Figs. 3(j)-3(1)
show mostly two-lobed shapes, which is consistent with the
experimental data at —1.6 eV in (f) but not completely con-
sistent at —0.6 and —0.2 eV because the experimental data in
(d) and (e) show a three-lobed shape containing a bright
center in addition to the two lobes at those energy levels.
This difference can be understood when the Kondo effect is
taken into account.

Figures 4(a) and 4(b) show STS data obtained at two dif-
ferent locations marked by the dots in the insets. Figure 4(c)
shows STS data obtained at bare Au(111) area for compari-
son which includes strong surface-state onset at around
—0.6 eV. In the STS curve obtained at the center of the
molecule, a peak is discernible at the Fermi level, as marked
by an arrow in Fig. 4(a). This peak is enlarged in Fig. 4(d)
and similar to what is seen with the Kondo effect, which
occurs when the magnetic spin of an adsorbate is screened by
the Fermi electrons of a nonmagnetic substrate, resulting in
localized electronic states.?>2® In our system the Co atom at
the center of the molecule possesses a magnetic spin that
interacts with the conduction electrons of the Au(111)
substrate.'®!” The Lorenzian-type fitting in Fig. 4(c) is based
on the Fano formula, which describes the result of a direct
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FIG. 4. (Color online) Scanning tunneling spectroscopy results
at different locations. Initial tunneling conditions are /7=0.3 nA
and V,=0.7 V. As represented by the red spots in the STM images,
the spectrum in (a) was obtained at the center of the molecule, and
the spectrum in (b) at the center of one-protruded pyrroline subunit.
The peaks represented by red arrows are explained in the text. The
spectrum in (c) was obtained at a bare Au(111) region for compari-
son showing a well-known surface-state onset at —0.5 eV. (d) The
enlarged STS results from (a) under 80 K (filled circle) and 8 K
(open circle), respectively. The red and blue solid lines shows a
Lorenzian fitting. The fitting parameters for the blue solid line are
q=5.0, Ex_—3.5 meV, and Tx=220 K. (see Ref. 24).

tunneling channel from a tip to a metallic substrate and an
indirect channel via magnetic impurity.?* There are three pa-
rameters known as resonance position (gg), asymmetry pa-
rameter (g), and Kondo effect (7). We have confirmed the
asymmetric shape of the peak by fitting it in Fig. 4(d) with a
Lorentzian-type curve, which results in a Kondo temperature
of 230 K. The shape of Kondo resonance state tells us the
nature of electron-tunneling process in STM junction. If the
tip is more strongly coupled to the Kondo state than to the
continuum state of conduction electron, the curve will take a
peak shape. On the other hand, if the tip is more strongly
coupled to the continuum state, it will have a dip shape. So,
on Au(111) where there is a peak, tip prefers Kondo state,
while on Cu(111) tip prefers continuum state. It is however
complicated question how the preference of tip is determined
at present. The Kondo temperatures measured in metallomol-
ecules on metal surfaces span large temperature range.
TBrPP on Cu(111) has two different conformation with the
Kondo temperature of 130 and 170 K.!° A bent structure of
Co-phthalocyanine on Au(111) has Tx of 200 K (Ref. 27)
which is similar to ours. However, there are higher Tk results
than these. For example, Fe-phthalocyanine on Au(111) has
Tx of 550 K.?® Based on the experiment on Co-carbonyl
species on Cu(100), it was suggested that Kondo temperature
increases as the number of ligands to Co atom increases.?’
Recent experiments performed on Pb wedges prepared on
Si(111) demonstrated that Kondo temperature can be ma-
nipulated by controlling the electron density of states at
Fermi level.®® Since the T of TBrPP-Co is higher on
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Au(111) than that on Cu(111), the interaction between d elec-
tron and conduction electron must be stronger on Au(111), or
there are more electron density of states at Fermi level on
Au(111) than on Cu(111).

Since an STM image is an integrated result of the spa-
tially distributed density of states at the Fermi level to a
sample bias, it appears that the weak protrusion at the center
of the three-lobe shape was produced by a localized Kondo
effect. Therefore, the three-lobed shape in Figs. 3(d) and 3(e)
can be regarded as the combination of a center protrusion
induced by the Kondo effect and the two lobes of the simu-
lated result that is shown in Figs. 3(j) and 3(k). It should be
noted that Kondo effect is technically beyond the limits of a
first-principles simulation because screening is inherently a
many body phenomenon. In the unoccupied states, the bright
center that appears at +0.2 eV in Fig. 2(c) may result from
the same mechanism as the Kondo effect, which would mean
that the bright-center shape has two different origins, the
Kondo effect and a molecular state. The energy location of
highest occupied molecular orbital (HOMO) which must be
related to Co d level is a little higher than that reported in
Cu(111) case where it was assigned at —0.7 eV.'® This may
be due to the work-function difference between Au and Cu.
Indeed, there is a report where Co d level is assigned to
-0.1 eV in the case of Co-TPP on Au(111).!! The energy
difference can also be made by delicate structural details. In
Cu(111) case, besides the molecular structure with the d
level at —0.7 eV, there is another molecular structure which
does not show any d-level-related feature.'® Also, in Co-TPP
on Cu(111), no state related to d level was observed, even if
the molecular structure is similar to ours.'* In any case,
d-level-related HOMO is close to Fermi level on Au(111) so
that they can have strong enough interaction, resulting in
higher Kondo temperature than on Cu(111).

The fundamental feature underlying an STM image can
be thought of as the object’s molecular electronic states or
orbitals. Those can be measured as maps of differential con-
ductance of tunneling current, which corresponds to local
density of states (LDOS). Figure 5 shows several LDOS
maps together with the molecular orbitals (top and side
views). LDOS maps were measured by the lock-in method
keeping the feedback on, and the orbitals were calculated by
the density-functional method. In the occupied levels, LDOS
maps show two-lobed shapes at —0.2 and —0.6 eV in Figs.
5(c) and 5(d). They correspond to calculated HOMO at
—-0.24 eV and HOMO-1 at —0.57 eV in molecular states,
respectively. In the unoccupied levels, LDOS map show a
bright-center shape at +0.6 eV [Fig. 5(b)] and a four-lobed
shape at +1.5 eV [Fig. 5(a)]. These correspond to calculated
lowest unoccupied molecular orbitals (LUMO) at 0.26 eV
and LUMO+1 at 1.32 eV, respectively. If only the top views
of the molecular orbitals are considered, they may seem to
have almost a fourfold symmetry, making it difficult to imag-
ine where the asymmetry or the twofold symmetry of the
LDOS maps comes from. In fact, we observed in our simu-
lation that most spatial and energetic characteristics of the
molecular state are the same in the planar and the saddle
configuration, except for the bending distortion that occurs in
the saddle configuration. By looking at the molecular orbitals
in side view, as shown in Figs. 5(1)-5(1), one can more easily
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FIG. 5. (Color online) The experiment results of the LDOS
maps [the first column: (a)-(d)] and the calculated molecular orbit-
als for a TBrPP-Co(II) [the second column for top views (e)—(h)]
and the third column for side views [(i)-(1)]. I;=0.1 nA. The ap-
plied sample bias voltages are (a) +1.5 V, (b) +0.6 V, (c) =0.2 V,
and (d) —0.6 V. The energy levels of calculated molecular orbital
are -0.57 eV (HOMO-1), -024 ¢V (HOMO), +0.26 eV
(LUMO), and +1.32 ¢V (LUMO+1).

recognize the shapes of the LDOS map. For example, in Fig.
5(k), out of four pyrroline subunits, only two are protruding,
while the other two are receding. One can see that the part of
a orbital around the center stands out more as compared with
the part around the other two, showing that the two-lobed
(HOMO and HOMO-1) and the four-lobed (LUMO+1)
structures agree well with the measured LDOS map. It
should be noticed that the four lobes did not make fourfold
symmetry but twofold which can be explained by the saddle
distortion.

In Fig. 5, the LDOS map at +1.5 V shows four-lobed
shape which is related to LUMO+1 and originate from the
methine bridges and the pyrroline subunits. The methine
bridges connect three carbon atoms forming the joints be-
tween the macrocycle and bromophenyles. This four-lobed
orbital will be responsible not only for the four- and five-
lobed shape in the STM image of Fig. 2 but also for the
gradual shape change from +0.4 eV (circular) to +1.2 eV
(rectangular). Two-lobed shapes in the LDOS map, on the
other hand, originate mostly from the two pyrroline subunits
and are connected to HOMO and HOMO-1. In Fig. 5, one
pyrroline subunit in HOMO consists of two parts while it
consists of four parts in HOMO-1. The two and four parts at
a pyrroline subunit will be merged as one lobe in LDOS
maps due to limited spatial resolution. Since a lobe made of
four parts will occupy more space and elongated than that of
two parts, the consideration of the orbitals clearly explains
the subtle shape evolution happened in two-lobed shapes in
Fig. 2; each lobe becomes larger and elongated as energy
decreases to —2 eV. In the STS data of Fig. 4, HOMO is
observed at —0.2 eV as a peak as marked by an arrow in Fig.
4(b) and LUMO is observed at +0.8 eV in Fig. 4(a). The
HOMO-1 and LUMO+1 are believed to be embedded in the
steep increase at |Vg|>1 eV. In the previous STS experi-
ment on Cu(111), relatively small HOMO-LUMO gap com-
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pared with gas phase one was observed similar to ours pre-
sumably due to induced dipoles.'* Still experimentally
measured gap, 1.0 eV in STS is larger than the calculated
gap, 0.5 eV (HOMO at —0.24 eV and LUMO at 0.26 eV),
which is possibly due to the well-known limitation of the
density-functional approach.

Up to now, we have discussed what is observed at the
aromatic central part of molecule which is consistent with
the simulation results. We will briefly discuss the result in the
bromophenyl legs. In Fig. 3, the four legs are well identified
at every STM image while they are invisible in simulation
results. Since the legs are at the location where molecules
make contacts with the substrate, there can be some modifi-
cation from the molecular orbitals at legs such as hybridiza-
tion and electron donation which is not included in our simu-
lation. In fact, it is amazing that, regardless of what is
happening at the legs, the experiment and the simulation re-
sults agree so nicely at the macroscycle. It was proposed that
a main body of a molecule could be semi-isolated from the
substrate by having a landerlike structure,3'-3? where a main
body was supported by four or more landing legs just like
vehicles. Since the bromophenyles of our TBrPP-Co mol-
ecule have the rotational degree of freedom in o bonds and
tend to have extra-bending mechanisms to the surface, the
molecule may adsorb like a lander, without having a direct
contact between the macrocycle and Au(111) surface. At the
same time, as shown in the molecular orbitals in Fig. 5, the
lobes at the macrocycle are often disconnected from those at
the legs. This is in accordance with the fact that both the
macrocycle and the legs maintain their own aromatic rings
with 22 and six 7 electrons, fulfilling Hiickel rule, respec-
tively. They are weakly coupled, electronically as well as
geometrically, through the o bonds, providing a reasonable
isolation between a macrocycle and a substrate.

Based on photoemission spectroscopy experiments, it was
reported that the electronic interaction between the cobalt ion
and the surface in TPP-Co/Ag(111) system results in a trans-
fer of electron density from the surface to the ion.’* The
strength of such interaction is strongly dependent on the dis-
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tance from a substrate to a metal ion. Since Br-C bond is
longer than the C-H bond in a bromobenzene molecule by
0.08 nm,** the distance from TBrPP-Co to a surface will be
larger than that from TPP-Co to a surface. Consequently, an
interaction between Co ion and a Au(111) surface is rela-
tively weak in TBrPP/Au(111) and the Co ion is isolated
from the substrate.

IV. CONCLUSIONS

The intramolecular structure of metalloporphyin mol-
ecules adsorbed on Au(111) has been studied using STM,
STS, and first principles simulation. As the energy increases
from -2 to +2 eV, the molecular STM images move through
a series of five different shapes. Of these, three are associated
with independent molecular states. In order to understand the
images around the Fermi level, one must take into account
the Kondo effect. The bending structure of saddle conforma-
tion accounts for the directional asymmetry that is observed
in all of the energy levels. Our study shows that the molecu-
lar states of porphyrin are not severely altered in the presence
of Au(111) but slightly modified by the Kondo effect. As an
outlook for future molecular spintronic application, it would
be worth to find a way to control the Kondo effect utilizing
intramolecular and intermolecular interaction in metallopor-
phyrin system.
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