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ABSTRACT: Electronic and vibrational properties of the two stable molecular configurations of Sn—
phthalocyanine adsorbed on an ultrathin Sn—phthalocyanine buffer film on Ag(111) have been
investigated with scanning tunneling microscopy and density functional calculations. Complex
submolecular patterns are experimentally observed in unoccupied states images. The calculations show
that they result from a superposition of Sn p orbitals. Furthermore, the characteristic features in spectra
of the differential conductance are reproduced by the calculations together with a remarkable
difference between the two configurations. First-principles calculations show that rather than a single

vibrational mode and its higher harmonics the excitations of different molecular vibrational quanta
induce replica of orbital spectroscopic signatures. The replicated orbital features appear for the configuration with a low
molecule—surface coupling. To model spectra of molecules with a larger coupling to the surface it is sufficient to consider elastic

tunneling to orbital resonances alone.

B INTRODUCTION

Local injection of electrons and holes from the tip of a scanning
tunneling microscope (STM) may be used to explore the
electronic and vibrational properties of single molecules with
submolecular precision. Electronic excitations may readily be
probed by elastic tunneling of electrons from occupied and to
unoccupied molecular resonances. Inelastic tunneling processes
involve the excitation of photon emission,’ vibrations,” and spin
flips.® Since the first observation of single-molecule vibrational
modes,” vibrational spectroscopy with the STM has been
reported for a variety of molecules, as summarized in pertinent
review articles.*”® To enhance the coupling between the
injected electron and molecular vibrational degrees of freedom,
buffer layers” '® and suitably designed molecular plat-
forms'’~"” have been used. In such experiments fingerprints
of a single vibrational mode and its higher harmonics were
reported as satellite Peaks to the spectroscopic signature of a
molecular orbital.'”'"'®

The modeling of spectra of the differential conductance (d1/
dV) of molecules with a large number of atoms and a low
symmetry of the adsorption complex remains a challenge to
state-of-the-art calculations. Approaches based on ab initio
calculations for many-electron systems have been devel-
oped.**** Thez were successfully applied to simple
molecules®”*"***>7>” and molecules with high symme-
try.'”**=° However, complex molecules play an important
role for molecular electronics: they often provide bistable
configurations that may be interconverted by electron and hole
injection. Therefore, the description of electronic and vibra-
tional properties of complex molecules is highly desirable.

In this work STM images and dI/dV spectra are calculated
and compared to experimental data from two configurations of

-4 ACS Publications  © 2015 American Chemical Society

tin—phthalocyanine (Sn—C;,NgH;;, SnPc) adsorbed on a
single SnPc buffer layer on Ag(111). The two configurations
are characterized by the central Sn atom pointing toward
vacuum (SnPc?) and toward the surface (SnPcl). STM images
of both configurations exhibit complex submolecular patterns,
which are reproduced by the simulations. In particular, unlike
STM images of all phthalocyanine and porphyrin molecules
with a metal center reported to date the central Sn atom of
SnPc? appears as a central protrusion with internal structure.
The calculations trace this observation to the intersection of
nodal planes of Sn p, and Sn p, orbitals. Moreover, dI/dV
spectra of SnPcl exhibit vibronic excitations. Their energies
being comparable to those of electronic transitions call for
going beyond the quasistatic approximation in calculating
inelastic and elastic tunneling from first-principles. We find that
spectroscopic replicas of molecular orbitals are due to a
combination of vibrational modes rather than a single one and
its harmonics. In contrast, spectra of SnPc| are modeled by
solely taking elastic tunneling into molecular orbitals into
account. We hint that the different degrees of hybridization
with the substrate are the origin to the different levels of
modeling.

B EXPERIMENT

Experiments were performed with a STM operated at 7 K and
in ultrahigh vacuum (107 Pa). Ag(111) surfaces were cleaned
by Ar" bombardment and subsequent annealing. SnPc
molecules were sublimated from a heated Ta crucible and
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deposited on Ag(111) at room temperature. All STM images
were acquired in the constant-current mode with the voltage
applied to the sample. Constant-height spectra of dI/dV were
obtained by modulating the sample voltage (10 mV,,,, 900 Hz)
and measuring the current response of the tunneling junction
with a lock-in amplifier.

B RESULTS AND DISCUSSION

Figures la and 1b show constant-current STM images of a
single SnPc? and a single SnPc|, respectively, adsorbed on top

(@) (b)

Figure 1. (a, b) Experimental constant-current STM images of SnPct
(a) and SnPc| (b) adsorbed on top of a SnPc buffer layer on Ag(111)
(0.9 V, 60 pA, 2 X 2 nm*). The apparent heights range from 0 pm
(black) to 300 pm (white) for SnPct and to 240 pm (white) for
SnPc. (¢, d) Calculated constant-current STM images of SnPct (c)
and SnPc| (d) adsorbed on a SnPc| buffer layer on Ag(111) (1.8 X
1.8 nm*). The bias voltage was set to 0.22 V (SnPc?) and 0.24 eV
(SnPcl) and the tip—surface distance to 350 pm. The grayscale ranges
from 0 pm (black) to 230 pm (white) for SnPct and to 130 pm
(white) for SnPc|. (e, f) Sketches of unit cells used in the calculations
for SnPct (e) and SnPcl| (f). The buffer layer consists of SnPcl
molecules (red) whose central Sn atom resides on hexagonal close-
packed sites of the Ag(111) lattice (brown).

of a single SnPc layer on Ag(111). The first molecular layer is
closed, and SnPc molecules in this layer predominantly adopt
the | conﬁguration.e’1 The STM image of the Sn atom of SnPc?
is remarkable. It exhibits a 230 pm protrusion on top of which
we observe a shallow depression. This is different from the
STM images of all other metal ions in phthalocyanines reported
so far, which exhibit either a protrusion or a depression but lack
further internal structure.”>”** The occurrence of the metal
center as a protrusion or a depression in STM images has been
demonstrated to depend on the density of metal d states at the
Fermi energy (Eg).>* Below we will show that for SnPc the Sn P
orbitals are most relevant to empty-states STM images.

Constant-current empty-states STM images were calculated
(Figures 1lc,d) to determine the origin of the peculiar
appearance of the central region of SnPct and to identify the
molecular orbitals that contribute to the STM images. To this
end, density functional calculations were performed with the
Vienna ab initio simulation package (VASP)*™* for a two-
layer Ag slab. The projector-augmented wave pseudopotential
with the parametrization of Perdrew, Burke, and Ernzerhof*°
was used with a plane-wave cutoff set to 400 eV. Only the I
point of the Brillouin zone (k = 0) needs to be considered due
to flat bands in the energy region of interest. Experimental
STM images served as an initial estimate for the determination
of the favored adsorption site. In particular, for the first
molecule layer a rectangular unit cell of SnPc| molecules with
dimensions A = 1.470 nm and B = 1.528 nm (dashed lines in
Figure le) was assumed, which approximates the unit cell
reported in previous works.>">'~>* The structural optimization
positioned the SnPc molecules of the second layer with their
isoindole groups atop the isoindole groups of first-layer
molecules (Figures le,f). This stacking results in an angle of
30° enclosed by isoindole directions of the first and second
layer. Interactions between the two SnPc layers are dominated
by van der Waals forces. Thus, the exact position of the
adsorbed molecule has little influence on electronic and
vibrational properties. Grimme-type corrections to the
correlation functional were then used to take van der Waals
interactions into account and for further structure optimization.
In the relaxed geometry all forces were lower than 150 meV
nm™". For the relaxed molecules constant-current STM images
and dI/dV spectra were calculated with the Tersoff—-Hamann
model®*** using bSKAN.>*~5*

The calculations show that SnPc molecules adsorbed within
the buffer layer adopt the | configuration with the central Sn
residing atop hexagonal close-packed Ag(111) sites.”” The
calculated adsorption energy (—5.264 eV) is mainly due to van
der Waals interaction and =0.1 eV lower than adsorption
energies obtained for on-top, bridge, and face-centered cubic
Ag(111) sites. The bias voltage in the calculations has been set
to 022 V (SnPct) and 024 V (SnPcl), which enables
tunneling into the group of four lowest unoccupied molecular
orbitals (LUMOs), whose energies were calculated as 0.14,
0.16, 0.2, and 0.22 eV (SnPc?) and 0.13, 0.15, 0.195, and 0.235
eV (SnPcl). For SnPcf, the LUMOs at 0.2 and 0.22 eV
dominate the vacuum density of states. While simulated and
experimental STM images are in good agreement, the bias
voltages used in the calculations and in the experiments deviate
from each other. We attribute this discrepancy to the well-
known difficulty in defining the Fermi energy in density
functional calculations of adsorbates. Cross-sectional profiles of
SnPc? across the molecular center are shown by the top green
(experimental) and the bottom red (calculated) line in Figure
2a. The calculated data (lower line in Figure 2a) represent the
solution of the Tersoff—-Hamann model with no additional
numerical broadening. These data were divided by a factor 2 to
facilitate the comparison with experimentally obtained apparent
heights. Importantly, the main unexpected feature, namely the
depression in the central protrusion, is reproduced by the
calculation. Since the simulations enable a decomposition of the
calculated local density of states into the contributions of
individual orbitals, we could trace the peculiar appearance of
the molecule center to p, and p, orbitals of Sn. These orbitals
dominate the SnPct LUMOs and exhibit an appreciable
vacuum density of states in the relevant energy range. The Sn
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Figure 2. (a) Experimental (top green line) and calculated (bottom
red line) cross-sectional profiles across SnPct along the dashed lines
indicated in the panels on the right, which show an experimental (top,
same as Figure 1a) and calculated (bottom, same as Figure 1c) STM
image of SnPc?. The Sn atom is centered at 0 nm. The calculated data
(lower line) represent the solution of the Tersoff~Hamann model
without additional numerical broadening. The central depression
within the Sn-related protrusion is clearly visible in both data sets. (b,
c) Spatial distribution of the squared amplitude of Kohn—Sham states
that dominate the low-bias tunneling. These states show the symmetry
of Sn p, and Sn p, orbitals. The amplitude was evaluated in the
vacuum region 350 pm above the molecule.

px and Sn p, orbitals interact with linear combinations of Pc
orbitals that exhibit the same symmetry. This hybridization
leads to two pairs of LUMOs with approximate p, and p,
symmetry and similar energies. The spatial distribution of the
squared amplitude of the relevant Kohn—Sham states is
depicted in Figures 2b,c. The other two states with similar
energy (not shown) show a similar lateral density pattern but
decay much faster in the vacuum and, thus, do not contribute
significantly to the simulated STM images. Both p, and p,
orbitals are characterized by a nodal plane across the molecule
center. Any combination of these orbitals results in a central
depression of the local density of states, which is located at the
intersection of the nodal planes. Unlike the p, and p, orbitals
the Sn p, orbital does not participate significantly in the
hybridization with Pc orbitals. Therefore, the Sn p, energy is
more than 1 eV higher than the p, and p, energies, and the
contribution of the p, orbital to the total local density of states
is negligibly small at the relevant energies. These findings may
hold as well for other central atoms with partially filled p shells,
such as Pb.

Next we present dI/dV spectra of unoccupied states acquired
with the tip atop the centers of SnPct (Figure 3a) and SnPc|
(Figure 3b). Both spectra exhibit several peaks, which are
labeled ay, f;, and y; (ay, ﬂé, ¥y, and 8,) and whose energies are
summarized in Table 1.°%°" Since spectra of dI/dV are
featureless for molecules adsorbed to Ag( 111),*' we conclude
that indeed the single SnPc layer efficiently reduces the
hybridization of second-layer molecules with the metal
substrate. To identify the experimentally observed spectro-
scopic features, spectra of dI/dV were simulated. Figures 3c,d
show calculated spectra for which solely elastic tunneling into
empty molecular resonances was considered. In the calculations
the tip was placed 450 pm above the molecular center, and the
calculated current was averaged over a circular area with a
diameter of 100 pm (red dots in the insets to Figures 3c,d).
The first peak consists of four nearly degenerate Sn p
resonances whose energies are indicated by the vertical lines
at the bottom of the plots. For SnPc? (Figure 3c) the two low-
energy resonances are visible as a shoulder to the main LUMO
feature. Apart from this dominant contribution to the calculated
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Figure 3. (3, b) Constant-height spectra of dI/dV acquired atop the
center of (a) SnPc? and (b) SnPc/| adsorbed on a closed SnPc buffer
layer on Ag(111). The feedback loop had been disabled at 1.2 V
(SnPct) and 1.5 V (SnPcl). The full lines show fits by a superposition
of Gaussians and a linear background. The energies of the Gaussian
maxima are summarized in Table 1. (¢, d) Calculated dI/dV spectra
taking solely elastic current contributions into account. The tip—
molecule distance was set to 450 pm. The spectra were horizontally
shifted until the calculated LUMO peak matched the experimentally
observed peak a; (@,). Vertical lines at the bottom of the panels mark
calculated LUMO energies. The calculated spectrum was broadened
by a convolution with a Gaussian [full width at half-maximum 42 meV
(SnPc?) and 64 meV (SnPcl)]. The insets to (c) and (d) show
calculated STM images of SnPc? and SnPc|, respectively. The central
red dots indicate the positions and the averaging areas (diameter: 100
pm) of calculated dI/dV data.

dI/dV data the simulated data are rather featureless. Only weak
peaks are visible at higher energies. The experimentally
observed peaks f; and y; (Figure 3a) are absent from the
calculated spectrum. Obviously, elastic contributions alone fail
to reproduce experimental data. Below we show that adding
inelastic electron tunneling processes improves the comparison
considerably.

The situation is different for SnPc|. While the calculated
peak height ratios do not exactly match the experimental
observations, the calculated elastic tunneling spectra (Figure
3d) reproduce the main experimental features a, f, and 7,.
Features a; and f| comprise contributions of Sn p orbitals.
These p orbitals are likewise present in the SnPc?T case. For
SnPc| the energies of these resonance cover a wider range,
which is likely due to an increased level splitting caused by the
Sn ion hybridizing with molecules of the buffer layer and the
Ag(111) surface. The peak labeled y, corresponds to an orbital
with a laterally uniform density and a low vacuum amplitude. It
appears prominently in the spectra since in the center of the
molecule the density of states of all other orbitals is low. We
suggest that this feature originates from the buffer layer or the
substrate.

Before considering inelastic contributions to the spectra, we
comment on the assignment of the LUMO to features a; and
a,. Two findings lend support to this assignment. First,
simulated STM images at the bias voltage corresponding to the
calculated LUMO energy are in accordance with experimental
data (Figures la—d). Second, the calculated energy of the
highest occupied molecular orbital (HOMO) is —1.6 €V for
SnPct and —1.7 eV for SnPc, giving rise to a HOMO—LUMO
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Table 1. Experimental and Calculated Energies (eV) of Spectroscopic Features a, f§;, and y, («, f,, 7), and §,)“

configuration a, By
SnPct 0.88 + 0.01 0.98 + 0.02
0.88
0.88 0.93
SnPcl 0.92 + 0.01 1.01 + 0.04
0.92 0.97

71 g1
1.10 £+ 0.02 experiment
calculation (elastic)
1.04 calculation (inelastic)
1.1§ + 0.02 1.35 + 0.04 experiment
1.14 calculation (elastic)

“Maxima in experimental spectra were determined from Gaussian fits to the data (Figures 3a,b). The calculated energy of feature a; (a;) was set to
the experimental value (see text). In the calculations elastic and inelastic (eq 1) contributions to the dI/dV spectra were considered.

gap of =19 eV, which matches well the experimentally
observed gap of ~2.1 eV.*'

To describe the experimental dI/dV spectra of SnPct
adequately, vibrational excitations of the molecule have to be
taken into account.’” In previous publications several features
were observed within the spectroscopic signature of a molecular
orbital'>""*® and attributed to a single vibrational state and its
higher harmonics. For our sample molecular vibrations have
been calculated in the energy range of 15 meV < 7Q < 390
meV. Describing vibrational excitations with lower energies
such as frustrated translations and rotations is difficult with the
employed simulation methods.®> Therefore, we restricted our
calculations to the aforementioned energy range. The
contributions of vibrations to the tunneling current were
evaluated in lowest-order perturbation theory according to a
previous approach.“’65 Thus, multiple emission of vibrational
quanta is not included. We will show below that overtones of a
vibrational mode are not needed to explain experimental data.
The code of Teobaldi et al.° was modified in order to be able
to go beyond the quasistatic approximation. This approx-
imation assumes 7Q < |E, — E,|(E,, E,: energies of molecular
electronic states) and sets Q@ = 0 in eqs 1 and 2. This
modification is important since vibrational energies and
differences between molecular orbitals are of comparable
magnitude in the present case. The dI/dV spectrum at bias
voltage V and tip position r, reads including elastic (first term,
dI,/dV) and inelastic (second term, dI.;,/dV) contributions

dar
dv

_dIO
S dv

dI vib
dv

V,x, V,x, V,x,

= D Ke¥)PS(E, — By — eV)
Y2

+ D (e 8WHPS(E, + hQ, — E — V) 0
A 1

where W, is the uth eigenstate of the sample, E, its energy
eigenvalue, and 7€, the energy of vibration A. The change of
W, due to the vibration mode 4, 5‘1‘,’1, is evaluated in lowest-

order perturbation theory as

A

1%
ISPy = Y 1w w -0
2 ; 2 E,+hQ, —E, +1i n ) (2)

with the matrix element of the deformation potential Vﬁy being
calculated with a finite-differences approach.%® For the actual
calculations, we restricted the sum over all vibrational modes 4
to the vibrations involving the topmost SnPc molecule since the
expression for the inelastic tunneling contribution involves the
wave function values at the tip position.

The second delta function in eq 1 shows that vibrations
replicate orbital-related signatures at E, + 7Q,. In this case the

15719

electron with energy eV tunnels into the molecular resonance
with energy E, by emitting a vibrational quantum with energy
hQ,,% giving rise to a spectroscopic feature at Eg + eV = E, +
h€,. For highly symmetric molecules group theory can be used
to prove that certain Vfw vanish.%” In the present case, however,
the interaction of SnPc with adjacent molecules of the buffer
layer and with Ag(111) likely lifts all symmetries and leads to
nonzero, albeit possibly small, Vfw. The calculated dI/dV
spectrum of SnPct with vibration corrections is displayed in
Figure 4. In agreement with the experiment (Figure 3a) three

N

dl / dV (arb. units)

o

E - E (eV)

Figure 4. Calculated dI/dV spectrum for SnPc? including first-order
corrections from inelastic vibration excitations (eq 1). The spectra
were horizontally shifted until experimental and calculated a; peaks
coincided.

peaks are present. The calculated peak energies are in
accordance with the experimental values (Table 1).°*' Each
peak comprises several vibrational modes and cannot be
attributed to a single mode. Vibration modes that strongly
contribute to @; are characterized by an in-plane displacement
of the central Sn atom. Peak f; is mainly induced by C and N
out-of-plane bending modes, while feature y; originates from
C—C and C—N in-plane stretching vibrations. As a result,
adding inelastic electron tunneling contributions to the elastic
tunneling current leads to an improved agreement between the
calculated dI/dV data and the experimental data for SnPc?
(Figure 3a).

The situation is quite different for SnPcl, where
experimental data are semiquantitatively described by the
elastic tunneling current alone. Because of the larger energy
differences of the low-energy unoccupied molecular orbitals
(vide supra), the elastic spectrum already shows several peaks in
the range of vibrational energies (Figure 3d). In this case,
replica of molecular orbitals with energy E, coincide with
orbitals at E,, where E,— E, = h€;. Therefore, replica peaks do
not lead to additional features in dI/dV spectra. According to
eq 2, the situation E,— E, = 7€, is not adequately described by
the perturbation approach. The vanishing denominator leads to
unrealistically high dI;,/dV values for nonzero Vﬁ”. A model
that takes the polaronic nature of the inelastic excitation
process into account (vide infra) may more realistically describe
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the strength of vibrational lines in dI/dV spectra. The
descriptions of SnPct and SnPcl| dI/dV spectra deviate from
each other, which is rationalized in terms of the different
molecule—surface coupling arising from the different positions
of the central Sn atom.

Going beyond the quasistatic approximation, ie., 72, # 0,
exposes a weakness of the perturbation approach. Conceptually,
the wave function correction (eq 2) is independent of the bias
voltage V. However, inserting the energy conservation E, +
7€,— Ex — eV = 0 into eq 2 yields the denominator E,— E; —
eV — in. Consequently, the perturbatively evaluated inelastic
tunneling current diverges if resonant elastic tunneling (into
level ¥,) is possible at nearly the same bias voltage. This
divergence reflects the breakdown of the Born—Oppenheimer
approximation. In a previous report on oligothiophene
molecular wires a non-Born—Oppenheimer regime was
suggested.é8 We expect that this intrinsic conceptual weakness
may only be overcome in a theory accounting for the polaronic
nature of the electronic excitation, which then serves as a basis
for degenerate perturbation theory. The quasistatic approx-
imation does not solve this difficulty. Rather, it hides the
difficulty by excluding resonant, i.e., vanishing, denominators.

B CONCLUSIONS

Ab initio calculations have been successful in describing an
adsorbed molecule with a high number of different atoms and a
low symmetry of the adsorbate complex, SnPc, on a molecular
buffer layer on Ag(111). Empty-states STM images of both
bistable molecule configurations, SnPc? and SnPc|, are due to
the lowest unoccupied molecular orbitals, which are dominated
by p orbitals of the central metal ion. Lowest-order
perturbation theory showed that the inelastic excitation of
molecular vibrational quanta leads to replica of spectroscopic
signatures of molecular orbitals. The replicated electronic
resonances are due to a combination of vibrational excitations
of the molecule, rather than to a single mode and its overtones.
Our perturbative approach relies on the Born—Oppenheimer
approximation and does not quantitatively account for the
strengths of vibrational signals. Future calculations should
therefore take the polaronic nature of the inelastic excitation
process into account.
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