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ABSTRACT: The quantum efficiency or the rate of conversion
of incident photon to free electron in photosynthesis is known
to be extremely high. It has long been thought that the origin of
this efficiency are molecular vibrations leading to a very fast
separation of electrons and holes within the involved molecules.
However, molecular vibrations are commonly in the range above
100 meV, which is too high for excitations in an ambient
environment. Here, we analyze experimental spectra of single
organic molecules on metal surfaces at ~4 K, which often exhibit
a pronounced dip. We show that measurements on iron(II)
[tetra-(pentafluorophenyl) Jporphyrin resolve this single dip at 4
K into a series of step-shaped inelastic excitations at 0.4 K. Via extensive spectral maps under applied magnetic fields and
corresponding theoretical analysis we find that the dip is due to ultralow-energy vibrations of the molecular frame, typically in the
range below 20 meV. The result indicates that ultralow energy vibrations in organic molecules are much more common than
currently thought and may be all-pervasive for molecules above a certain size.
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hotosynthesis, or the conversion of carbon dioxide and p and ] are the density of states at Fermi level (Eg) of the metal

water to sugar with the help of sunlight, is arguably the substrate and the exchange coupling between the local spin and
basis of all life on Earth. A crucial step in the process is the the substrate, respectively. As J in a molecular Kondo system is
creation of free electrons and holes, which can be used to drive usually smaller than in an atomic Kondo system, one would
reactions at different reaction centers. Although light, which expect a lower Ty in a molecular Kondo system, in contrast to
elevates an electron into the conduction band, is necessary to previous experimental analysis.>~'' The origin of this
drive the reaction, it is not in itself sufficient for a successful discrepancy has remained elusive.

photosynthetic cycle, as the recombination probability would
be in most cases too high." However, a photosynthetic cycle
would be possible only if vibrations are excited at low energy in
a range substantially below 100 meV. To our knowledge,
vibrations in this range, affecting not only single bonds but the
whole molecular frame, have not been observed so far.”
Scanning tunneling microscopy and spectroscopy (STM/
STS) at low temperature reveal a pronounced zero-bias dip in
the differential conductance (dI/dV) spectra at ~4.2 K for a
variety of single organic molecules supported on metal

Here, we demonstrate that the dip at the Ep, in these systems
most likely has a very different origin, which only becomes
evident once the temperature in the experiments is lowered
below 0.5 K. Moreover, it will be shown that even at this
temperature range the interpretation of the experiments if far
from clear-cut.

In our work, iron(I) [tetra-(pentafluorophenyl)]porphyrin
molecules (FeF,,TPP, shown in Figure la) were synthesized
on Au(111) through on-surface dechlorination reactions of

surfaces.”™"" The zero-bias dips are interpreted as Kondo FeFy TPPCI'® via thermal annealing at 400 K (for details see
antiresonances and the corresponding Kondo temperatures
(T,) are deduced to be on the order of 100 K, which is much Received: May 10, 2017
higher than that of isolated magnetic atoms (T, = 10—100 Revised:  July 18, 2017
K)."”~"* However, the Kondo temperature T} o e ~//, where Published: July 20, 2017
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Figure 1. Configuration, STM images, and STS of FeF,TPP on Au(111). (a) Top (upper) and side (lower) views of the optimized configuration of
FeF,(TPP adsorbed on Au(111). (b) STM image showing the intramolecular structure of the FeF,(TPP molecules. The structural models of
FeF, TPP are overlaid on two of the molecules (sample bias, U = —0.3 V; tunneling current, I = 0.1 nA). (c,d) Site-specific dI/dV spectra (U = —0.6
V, I = 0.1 nA; lock-in modulation: V,,,; = S mV) measured at the points (same color code) marked in (b). The HOMO and LUMO are indicated by
“H” and “L”, respectively. (e,f) dI/dV maps of FeF, TPP molecules taken from the same area of (b) at indicated bias voltages. dI/dV maps of
FeF, TPP molecules taken from the same area of (b) at indicated bias voltages.
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Figure 2. Kondo-like dip at 4.2 and 0.4 K. (a) STM topography (U = —0.2 V, I = 0.1 nA). (b) dI/dV map taken from the same area of (a) at 0 V
showing the intramolecular distribution of the dip feature. (c,d) dI/dV spectra measured at a series of positions along the blue and red dashed lines
indicated in (a) at 4 K, respectively (U = —40 mV, I = 0.3 nA; V,,; = 0.5 mV). (e,f) Comparison of dI/dV spectra taken at the central Fe** of
FeF,, TPP/Au(111) at 4 K (e, U = —40 mV, I = 0.3 nA; V,,, = 0.5 mV) and 0.4 K (f U = —40 mV, I = 0.3 nA; V,, = 0.5 mV).

Supporting Information S1). The FeF,,TPP molecules form

ordered close-packed islands with a unit cell including two

molecules with different azimuthal orientation (Figure 1b and

Figure S1). Each molecule exhibits a saddle shaped
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conformation after adsorption on Au(111), as displayed in

Figure la. The two upward pyrrole rings and the central Fe®*

ions give rise to the central rodlike protrusion with three

maxima for each molecule in topographic STM images (Figure
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Figure 3. Spatial distribution of dI/dV signal at 0.4 K. (a) Sequence of dI/dV signals recorded along red arrow at 0.4 K and zero magnetic field and
(b) sequence of dI/dV signals recorded along blue arrow at 0.4 K and zero magnetic field marked in Figure 2a. (U = =20 mV, I = 0.3 nA; V,,,; = 0.5
mV). The spectra from bottom to top are measured from the center toward the edge and are vertically displaced for clarity. (c) Schematic images

showing the spin-flip excitation and vibrational excitation.

1b), similar to that of CoTPP/Ag(111)'”'® and FeTPP/
Au(111).""" The electronic properties of FeF,,TPP molecules
are characterized by measuring site-specific dI/dV spectra at
three locations along the molecular mirror-symmetry axis for
each azimuthal orientation at 4.2 K. The dI/dV spectra of the
molecules with different azimuthal orientation are almost
identical (Figure 1c,d). All dI/dV spectra show similar features.
We assign the peaks at —0.9 and 1.3 V to the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), respectively. The dI/dV maps
taken at —0.9 and 1.3 V illustrate the spatial distribution of the
HOMO and LUMO, respectively, as seen in Figure lef. The
electronic structures of the FeF,,TPPmolecules on Au(111) are
very similar to that of the unfluorinated FeTPP on Au(111)."'

To clarify the physical origin of the dip feature at Eg, we
measured a series of tunneling spectra along the molecular
mirror-symmetry axes (the red and blue lines in Figure 2a) at
4.2 K, which are plotted in Figure 2¢,d. Despite the variation of
the intensity and line shape, all spectra show a similar
pronounced dip feature at Ep. The dI/dV map of FeF,TPP
at zero bias (Figure 2b) shows an intramolecular distribution of
the dip feature. Similar zero-bias dips in dI/dV spectra collected
from magnetic molecules adsorbed on metal surfaces, for
example, TBrPP-Co/Cu(111),’~> FeTPyP/Au(111)," and
FeTPP/Au(111),"" have been reported in the literature. In
these reports such dips were interpreted as Kondo
antiresonance. The intramolecular distribution of the dips was
attributed to a spatially extended Kondo state in the molecules
induced by interfacial charge transfer.”’' Assuming that the
pronounced dip in our dI/dV spectra originates from a Kondo
effect, T\ deduced by fitting the dips with a Fano function is in
the range of 120—150 K. This unusually high T, is in line with
previous reports.” "'

To suppress the thermal broadening and improve the energy
resolution, we acquired the dI/dV spectra at 0.4 K. Astonish-
ingly different from the pronounced zero-bias dip at 4.2 K
(Figure 2e), the dI/dV spectra taken at 0.4 K exhibit three pairs
of steps around Eg, as shown in Figure 2f. These steps are
symmetric with respect to Ep, indicating an origin related to
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. . . 2,20-22 :
inelastic electron tunneling processes.” These experiments

show that the pronounced zero-bias dip at 4.2 K cannot be
attributed to a Kondo antiresonance but has to be due to
thermal broadening of steps that are due to the opening of
inelastic tunneling channels as a consequence of molecular
excitation.

To determine the nature of the feature shown in Figure 2f,
spectra were acquired on the molecular skeleton along two
paths at 0.4 K, as shown in Figure 3a,b. All spectra along the
two paths exhibit pairs of steps symmetric with respect to E,
similar to the spectra acquired at the central Fe** ion, despite
the variation of the intensity. Therefore, the pronounced zero-
bias dips in the spectra acquired on the molecular skeleton at
4.2 K are also not due to Kondo resonances but are due to
inelastic electron tunneling (IET).

It is known that the low-lying step-like increase in dI/dV
could be due to both spin-flip"** and vibrational excita-
tions” > (Figure 3c). To resolve the question of the origin of
the inelastic features, we measured the dI/dV spectra on the
central Fe’* ion (Figure S4) and on the molecular skeleton
(Figure SS) with an applied magnetic field perpendicular to the
Au(111) surface (B,) at 0.4 K. The steps in the dI/dV spectra
do not shift in a systematic manner with increasing B, (Figure
S4), which excludes a spin-related origin. In addition, the spatial
distribution of inelastic electron tunneling spectroscopy (IETS)
is inconsistent with the fact that the magnetic moment is
essentially localized on the central Fe** ion (Figure §3).%°

Conversely, the spatial distribution is well explained if the
features are related to vibrational excitations, because the low-
lying vibrational modes are most likely related to delocalized
oscillations. Localized oscillations are typically in the high-
energy regime as they depend more strongly on the
deformation of intramolecular bonds and, because the coupling
amplitude for vibrational excitations is inversely proportional to
the excitation energy, they play a negligible role in this system.
The low-energy vibrational modes of the in situ molecule are
modeled using density functional theory (DFT) by solving the
dynamical matrix for ionic motion of each constituent atom in
the presence of a static gold substrate. We find several modes
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Figure 4. Spatial distribution of IETS at 0.4 K. (a) Simulated IES, showing a number of low-lying vibrational modes in the range below 20 meV. The
quantum efficiencies are then defined as the ratio of the total change in conductance and the unperturbed elastic conductance. (b—d) The
oscillations for the most efficient phonon modes in the region for the first and second peak of the experimental IETS. The movement of each ion is
represented by vectors (green/red) given the direction of the oscillation (positive/negative).

below 20 meV each associated with an oscillation that is
spatially extended over the entire molecule (see Figure 4a).
Each of these modes has a different quantum efficiency, which
is a measure of the strength of the electron—phonon
coupling.”*™* It can be expected that the steplike change of
conductance observed at 6 and 12 meV is due to a convolution
of distinct modes (see Figure 4a). We found a number of
vibrational modes with high quantum efliciencies around 3-8
meV and around 10—15 meV. As a case in point, Figure 4b—d
shows three of these modes, which are extended throughout the
molecule, in line with experiments. The interpretation of the
spectra as originating from vibrational modes is supported by
the fact that the energies of the steps remain unchanged as the
tip is moved from the center to the outer edge of the molecule
(Figure 3a,b) and the fact that the step energies are not strongly
affected by applied magnetic fields (Figure S4).

In summary, we have shown experimental spectra and
corresponding theoretical simulations of FeF,;TPP molecules
adsorbed on Au(111) at both 4.2 and 0.4 K. A zero-bias dip is
observed at 4.2 K, which initially appears to be due to a Kondo
antiresonance, which is a common interpretation in the
literature. However, as extensive experimental and theoretical
analysis reveals, the feature is due to ultralow-energy vibrational
excitations of the whole molecular frame. In molecular bilayer
systems, these ultralow-energy vibrations can easily be excited
under ambient conditions, which may contribute to the very
high quantum efliciency of electron hole separation in
photosynthesis.

Methods. The experiments were carried out in an ultrahigh
vacuum (base pressure of 1 X 107'° mbar) LT-STM system
(Unisoku) equipped with standard surface processing facilities.
Low temperature of 0.4 K is achieved by means of a single-shot
*He cryostat. A magnetic field up to 11 T can be applied
perpendicularly to the sample surface. An atomically flat
Au(111) surface was prepared by repeated cycles of sputtering
with argon ions and annealing at 800 K. The FeF,,;TPPCl
molecules were deposited onto the Au(111) surface at room
temperature. The sample was then transferred into the LT-
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STM head and cooled down. STM images were acquired in the
constant-current mode. dI/dV spectra were collected by using a
lock-in technique with a sinusoidal modulation at a frequency
of 973.1 Hz. All STM/STS experiments were performed with
electrochemically etched tungsten tips, which were calibrated
against the well-known surface state of the Au(111) surface
before and after spectroscopic measurements.

All DFT calculations were performed with the Vienna ab
initio simulation packa§e (VASP) and the projector augmented
wave (PAW) method.”** Exchange and correlation potential
were described by the Perdew—Burke—Ernzerhof functional
extended to incorporate a van der Waals correction.’’ ~** The
periodic slab model of the metal substrate includes four Au
layers and a vacuum layer with a thickness of 15 A. In-plane size
of the cell is 23 A X 20 A. In geometric optimizations, the
bottom Au layer was fixed, while the other Au layers and the
molecule were fully relaxed until the residual forces were
smaller than 0.02 eV/A. Only the -point in Brillouin zone is
used for structural optimization and the calculation of the
dynamical matrix. In order to calculate the dynamical matrix,
the Au substrate ions were fixed and the constituent ions of the
molecule were individually moved through all degrees of
freedom to find the associated spring constant. The phonon
frequencies are evaluated from the eigenvalues of the dynamical
matrix and the oscillations from the eigenvectors.
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