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Vibronic spectra of molecules are typically described within the Franck-Condon model. Here, we
show that highly resolved vibronic spectra of large organic molecules on a single layer of MoS2 on
Au(111) show spatial variations in their intensities, which cannot be captured within this picture.
We explain that vibrationally mediated perturbations of the molecular wave functions need to be
included into the Franck-Condon model. Our simple model calculations reproduce the experimental
spectra at arbitrary position of the STM tip over the molecule in great detail.

Vibronic excitations are resonant transitions from a
molecular ground state to an electronically and vibra-
tionally excited state. These excitations are typically
described by the Franck-Condon model. The essence
of it are fast electronic transitions treated in Born-
Oppenheimer approximation, such that the excitations
occur without changes in the nuclear coordinates or mo-
mentum. Vibronic excitations in single molecules on sur-
faces can be detected as resonant sidebands of positive
or negative ion resonances in tunneling spectroscopy [1-
7] with apparent submolecular variations due to distinct
close-lying orbitals [8-10]. In contrast to these reso-
nant excitations, inelastic vibrational excitations far be-
low resonance [6, 12, 13] are described by a change in the
nuclear coordinates, which leads to a modified tunneling
matrix element and to the opening of a new tunneling
path [7, 15, 16]. Hence, off-resonant inelastic tunnel-
ing and resonant vibronic transitions are treated in dis-
tinct and complementary models [17]. The combination
of both models would be akin to phonon-mediated elec-
tronic transitions in crystal structures [18, 19], where the
activation of a phonon mode enables otherwise forbidden
electronic transitions, as the initial and final state have
different parallel momentum in the electronic band struc-
ture [20-23]. Signatures of such combined excitations in
single molecules have not been reported to date.

Recent tunneling experiments have revealed some limi-
tations of the Franck-Condon model. In cases, where the
electronic energy level spacing was similar to vibrational
energies, it was found that avoided level crossings de-
termine the resonant sidebands [24, 25]. In other cases,
intensity variations of the resonant sidebands along an
organic molecule were interpreted in terms of coherent
vibrational modes with different symmetries [8] or with
vibration-assisted coupling of wave functions of different
symmetry in molecule and tip [26]. Selection rules could
not be derived, because the vibrational modes and as-
sociated nuclear displacements of the molecule could not
be identified owing to an insufficient experimental energy
resolution probably limited by non-adiabatic relaxation
effects.

Here, we show that vibration-assisted tunneling and
Franck-Condon excitations are crucial for a complete vi-
bronic model. To benchmark our model we use vibronic
spectra of large organic molecules on a single layer of
MoS3 on Au(111). The van-der-Waals layer acts as an ef-
ficient decoupling layer from the metal substrate and pro-
vides exceptional energy resolution of a few meV [5, 8, 9].
This allows us to probe vibronic states and their modu-
lation of intensities with intramolecular resolution. We
show that the spatial intensity variations can be simu-
lated by including vibration-assisted tunneling in addi-
tion to the Franck-Condon picture.

Scanning tunneling microscopy (STM) experiments
were performed at a temperature of 4.6 K in ultra-high
vacuum. Monolayer-islands of MoSy were grown on
a clean Au(111) surface by depositing Mo in an HsS
atmosphere (5 - 107° mbar) and annealing to 800K
[30, 31]. 2,5-Bis(3-dodecylthiophen-2-yl)thieno|[3,2-
b]thiophene (BTTT) [phthalocyanine (HaPc)] molecules
were evaporated at 365K [680K] onto the surface held
at 200K [120 K]. Differential-conductance (dI/dV) spec-
tra and maps were recorded using lock-in detection with
921 Hz modulation frequency.

Deposition of BTTT molecules on MoS, leads to par-
tially ordered structures with the molecules lying parallel
to each other (Figure 1a) [33]. dI/dV spectra recorded
at the extremity of a BTTT (red curve) and on the bare
MoSs (gray curve) are presented in Figure 1b. The spec-
trum on MoSs shows the well characterized semiconduct-
ing band gap (~-1.4V to +0.5V)[34], which is essential
for decoupling the molecules from the substrate [5, 9].
The spectrum on the BTTT molecules shows a positive
ion resonance inside this gap at ~-1V. This resonance
exhibits a rich satellite structure revealing the vibronic
properties of the molecule. The intensity of this reso-
nance is largest at the ends of the thiophene backbone
(dI/dV map in Figure 1c). At first sight this shape does
not agree with the delocalized nature of the highest oc-
cupied molecular orbital (HOMO) (Figure 1d). However,
we note that the conductance signal in STM is propor-
tional to the square of the tunneling matrix element My,,,
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Figure 1. a) STM topography of BTTT on MoS;/Au(111)
with overlaid molecular model (I=20 pA,V=1 V). b) dI/dV
spectra recorded over bare MoS; (gray) and BTTT (red)
(feedback opened at: 150 pA, 2.2 V; V=10 mV). ¢)
Constant-height dI/dV map of the same area as a) at V
=-0.975 V (Vimoa=10 mV). d) DFT-calculated HOMO iso-
density (Yaomo) of BTTT and e) position-dependent cal-
culation of the tunneling matrix element | M, (7)|* between
Piomo and an s-type wave function ¥y of the STM tip (tip-
molecule distance 8.5 A[32]).

which depends on the overlap of the wave functions Wy
of the tip and ¥, of the molecule [1].

We simulate the position-dependent tunneling matrix
element along the BTTT molecule by assuming an s-
type wave function for the STM tip and the DFT-derived
molecular wave function (details in supplemental mate-
rial (SM)). The simulation for the HOMO (Figure 1le) is
in good agreement with the constant-height dI/dV map
of the positive ion resonance inside the gap (Figure lc).

We now focus on the study of the vibrational prop-
erties of BTTT. Highly-resolved spectra of the satellite
structure of the PIR recorded at the extremity (red) and
in the center (blue) of the thiophene backbone are shown
in Figure 2c. Both spectra are normalized to the highest-
intensity peak of the red spectrum, and a factor 5 is ad-
ditionally applied to the blue one for clarity. Further-
more, they are shifted to the same onset energy, i.e., to
the elastic peak, to eliminate the effect of the inhomo-
geneous tip potential over the molecule [8] (see raw data
in SM). We first discuss the spectrum recorded at the
extremity of the molecule, corresponding to the position
of highest tunneling probability into the HOMO-derived
resonance (see Figure 1c). As described in a previous
work on BTTT, the vibronic fingerprint at this site can
be explained within the Franck-Condon picture [5]. The
excitation probability of a vibrational mode k£ and its
harmonics is given by the overlap integral of the initial
(ground state) and final state. It depends on the relax-
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Figure 2. a) STM topography of BTTT on MoS2/Au(111)
(I=10 pA, V=0.9 V). Sketch of vibrational excitation mech-
anism of a molecule in an STM junction. c¢) Top: dI/dV spec-
tra at the PIR of BTTT recorded at the same tip height on
two different positions of the same molecule (see correspond-
ing dots in a)). Spectra are normalized to the largest intensity
of the red spectrum. The blue spectrum is then enlarged by a
factor of 5 and shifted in energy to the same elastic peak (feed-
back opened at: 250 pA, -1.2 V at extremity, Vimoa=0.5 mV).
Bottom: simulated d/dV vibronic spectrum considering the
Franck-Condon mechanism described in b), energy broaden-
ing set to FWHM=6 mV. The upper and lower axis differ by
10% to account for the voltage drop in MoS,.

ation energy ¢, when charging the molecule, as sketched
in Figure 2b. The relaxation energy of each vibrational
mode can be derived from gas-phase DFT calculations
of the neutral and the positively charged molecular state
(details in SM). A simulated Franck-Condon spectrum
Apc(eV) for the BTTT molecule is shown in the bot-
tom panel of Figure 2c. It is in remarkable agreement
with the experimental spectrum recorded at the extrem-
ity of the molecule (red). Note that a scaling factor is
required between the calculated vibronic energy (bottom
axis) and the bias voltage of experimental d//dV spectra
(top axis), accounting for the voltage drop in the MoSs
layer (~ 10%).

Considering only the Franck-Condon principle, the rel-
ative intensities of the vibronic resonances should be con-
stant along the molecule. This is in contrast to the ex-
perimentally observed spatial variations of excitation ef-
ficiencies along the molecule in Figure 2c. The spectrum
at the center of the BTTT molecule exhibits different in-
tensity ratios of the vibronic peaks from the spectrum
at the extremities. Most striking is a strongly enhanced
peak at ~ 50meV above the elastic peak (dashed line)
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Figure 3. a) Schematic representation of vibration-assisted
tunneling: when the tip is placed over the center of the
molecule, the overlap between the tip and molecule wave func-
tion is small due to the nodal planes. Considering a vibra-
tional distortion of the molecule the overlap can be modified.
If the overlap is increased, the tunneling matrix element is
increased and a new inelastic channel is opened, as sketched
in b). c¢) Experimental spectra of Fig. 2c of the PIR at two
different tip positions (center: blue; extremity: red). d) Dia-
monds (right axis): calculated change of the tunneling matrix
element |M;a, (7)|* for all vibrational modes k of BTTT, for
tip position similar to the experimental spectra in b) (See map
and model with crosses in inset, tip height 8.5 A). |M;a, (7)|?
are given in units of M, being the maximum value of My,
i.e., at the extremity of the molecule. Line (left axis): simu-
lated spectra for the same tip positions including vibration-
assisted tunneling using equation 15.

[36]. We will show that this additional peak can be ex-
plained by an additional excitation mechanism.
Pavlicek et al. [26] have recently explained spatial vari-
ations of vibronic excitations by the coupling of wave
functions of different symmetry in the tip and molecule.
However, the vibronic peaks were of several tens of meV
width probably due to non-adiabatic coupling to sub-
strate phonons in the ionic NaCl substrate [37]. The
lack of energy resolution thus prevented the identifica-
tion of the involved vibrational modes. Consequently,
the determination of selection rules of this excitation
was not possible. To explain the spatial variation of
the vibronic signature across the BTTT molecule, we
propose the following mechanism. In addition to the
Franck-Condon picture (process 1 in Figure 3b) we also
consider vibration-assisted tunneling (VAT; process 2 in
Figure 3b). The latter is in analogy to the off-resonant

inelastic excitation, also referred to as inelastic electron
tunneling spectroscopy (IETS). As discussed before, the
tunneling probability into a molecular orbital (MO) is
determined by the overlap of the tip and MO electronic
wave function. This overlap is strongly reduced for an s-
wave tip at the center of the BTTT, due to the symmetry
of the HOMO’s nodal planes (see Figure 1c,e and scheme
in Figure 3a). In VAT, this symmetry can be broken by a
vibrational mode of the molecule as shown in Figure 3a.
Here, an out-of-plane mode with an anti-symmetric char-
acter relative to the HOMO’s nodal planes leads to an in-
creasing (decreasing) overlap between tip and the parts
of the molecular wave function with positive (negative)
sign, or vice versa. Such a change of the wave function
allows for a large (vibration-assisted) tunneling matrix el-
ement [7, 25] and effectively opens a new tunneling chan-
nel at the threshold of the vibrational excitation, i.e. at
Eyv = Fy + hwi, with Ey being the elastic excitation of
the HOMO (see scheme in Figure 3a-b). In contrast to
off-resonant inelastic tunneling, resonant VAT includes
an electronic excitation according to the Franck-Condon
principle and an additional inelastic transition within the
excited state This combination leads to a replicas of the
Franck-Condon spectrum at higher energies (Figure 3b).

To analyze which vibrations give rise to a large VAT
matrix element, we assume — in analogy to off-resonant
inelastic excitation — the tunneling probability of the
newly opened channel to depend on the overlap be-
tween s-wave tip and perturbed molecular wave function
6Qk% [7, 16]. In our calculation we approximate it by:

~ 6Qk; A‘Il’m _ \I’m,k-i- - \Ijm,k— _ A\I’m,k
AQy 2 2
(1)
with ¥, 1+ being the wave function for the vibrationally
excited molecule, displaced by +dQ); as determined from
DFT calculations of the free molecule (details in SM).
Thus, we calculate the VAT matrix element |M;a, (™
(see equation S6 in SM) for the perturbed molecular
wave function at the center and extremity of the BTTT
molecule for each mode [Figure 3d (diamonds)]. At the
center of the molecule, one vibrational mode at 43.1 meV
yields a large change of the tunneling matrix element.
Considering the voltage drop in the MoSy layer (~ 10%),
this is in good agreement with the additional peak at
~ 50meV in the experimental dI/dV spectrum (blue
spectrum). This mode corresponds to an out-of-plane
mode, mainly localized on the thienothiophene unit (see
SM). In contrast, at the molecular extremity the change
in tunneling matrix element is negligible for all modes.
Thus, spectra taken at this position can be explained by
considering only the Franck-Condon principle.

In order to merge the two excitation mechanisms, we
consider that the VAT adds another tunneling channel to
the excited molecule (in its PIR) of intensity |M;a, Gl
which then has to be convolved with the Franck-Condon

0Qy

ov,,
OQr



spectrum Apc(eV). As a result, the Franck-Condon
peaks are replicated at energies shifted by hwy. A fin-
gerprint of this can be seen by the repetition of the pat-
tern of the most intense peaks indicated by red and blue
dashed lines in Figure 3c. Thus, the position-dependent
vibronic intensities can be calculated as (details in SM):

Atotal(FaeV) = |th(77)|2 : AFC(eV)

+ > [Mia, (77 - Apc(eV + hwy), (2)
k

Note that the only free parameter for the simulation is
the tip-molecule distance (discussion in SM). Figure 3d
shows the simulated spectra for the tip over the center
(blue) and extremity (red) of the molecule for a tip—
molecule distance of 8.5A [32]. Both are now in good
agreement with the experimental spectra. Equivalent
simulations can be carried out at arbitrary position over
the molecule (see SM).

To validate our full vibronic model, we now turn to a
second molecular system: phthalocyanine (HoPc). This
molecule appears with a clover shape when scanned at
low bias (Figure 4a) and exhibits — as BTTT — a sharp
PIR in the semiconducting MoSy gap [9] (see large-scale
spectra in SM), associated to the removal of one electron
from its HOMO. The dI/dV map recorded at the en-
ergy of the PIR shows eight lobes, two lobes next to each
isoindole moiety [Figure 4d(i)]. As for BTTT, this map
can be simulated [Figure 4e(i)] by considering the tunnel-
ing matrix element between an s-wave tip and the DFT-
calculated HOMO wave function of HyPc (Figure 4b).
Highly resolved spectra of the PIR recorded over one of
this eight lobes show mainly one sharp elastic peak (black
spectrum in Figure 4c¢). At this position, there is hardly
any intensity in the vibronic sidebands. This can be un-
derstood by a small relaxation energy e, = 21.7meV of
HyPc upon positive charging (simulated Franck-Condon
spectrum in SM).

In contrast, spectra over the isoindoline moieties show
a pronounced set of peaks above the elastic peak (Fig-
ure 4b). The peaks can be classified into three groups
(o, and ) according to their spatial distribution in the
respective dI/dV maps [see experimental maps in Fig-
ure 4d(ii-iv)]. While all maps show the eight-lobe struc-
ture (with varying intensity), the « resonances show ad-
ditional intensity on the macrocycle, the s have very
strong weight on the center and s show some conduc-
tance on the macrocycle and the center (all maps in SM).

To show that these position-dependent resonances re-
sult from the above derived picture of a combination
of VAT and Franck-Condon excitations, we calculate
the VAT matrix element of the vibrationally perturbed
molecular wave functions with an s-wave tip. We find
a large numbers of vibrational modes, which cause an
increase of the VAT matrix element (see SM). The corre-
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Figure 4. a) 2.4 x 2.4nm? STM topography of HsPc

on MoSz/Au(111) (I=20 pA,V=0.5 V). b) DFT-calculated
HOMO iso-density of HoPc. ¢) Top: dI/dV spectra recorded
at the same tip height at positions shown by dots in a) (feed-
back opened at: 40 pA, -1.2 V on lobe of HoPc, Vimoa=2 mV).
Spectra are normalized to the elastic peak of the black spec-
trum. Additionally, the red, blue and green spectra are scaled
by a factor 5 for clarity. All spectra are shifted to the same
energy of the elastic peak. Bottom: simulated spectra for tip
positions indicated as crosses in €), tip height 7.5 A). d) 2.4 x
2.4nm? constant-height dI/dV map at energies correspond-
ing to (i) the elastic peak (HOMO) and (ii-iv) a, 8 and 7y
inelastic peaks in b) (Vmea=5 mV). e) Corresponding simu-
lated conductance maps.

sponding calculated dI/dV spectra (according to equa-
tion 15, bottom panel of Figure 4b) are in excellent agree-
ment with the experimental spectra. We note that the
elastic peak can be of much lower intensity than the in-
elastic satellites. To prove that our model reproduces the
spatial distribution of the VAT, we also simulate the con-
ductance maps at the energies of the different vibrational
modes involved in the transport, which are in remarkably
good agreement with the experimental maps (Figure 4e).

In conclusion, our highly-resolved tunneling spectra
of molecules on a monolayer of MoS, revealed evidence
of the interplay of two distinct excitation mechanisms
of molecular vibrations. On the one hand, tunneling
electrons resonantly excite vibrational modes which can
be described within the Franck-Condon model. On the
other hand, inelastic tunneling electrons excite molecular
vibrations, which facilitate tunneling into the molecule at



positions, where it would be suppressed in the static case
for symmetry reasons. We could describe all spectral
details of vibrational intensities by combining vibration-
assisted tunneling (VAT) and the Franck-Condon prin-
ciple. We note that VAT may enhance higher-energy
resonances over the elastic onset. In the case of less
resolved spectra, this may cause an apparent shift of
peaks. Furthermore, our description of VAT is not re-
stricted to STM experiments, it may also affect charge
transport through organic materials and heteromolecular
interfaces.
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SUPPLEMENTAL MATERIAL
SIMULATION DETAILS
Spatially resolved tunneling matrix element

In the main text, we compared spatially resolved maps of the square of the tunneling matrix element along the
flat-lying molecule with constant-height d7/dV maps. Here, we present some more details of the simulations. The
tunneling matrix element is given by [1]:

B2 . L
|Mt7rL(F)|2 = ’M/\Ijtvll’m - \I/mvll’tds ) (3)

with ¥,, being the wave function of the molecule and ¥, a spherical wave function of an s-wave tip. The molecular
wave functions are obtained by DFT calculations of the isolated molecules, using GAUSSIANO09 package with the
B3PWO1 functional and the 6-31g(d,p) basis set [2]. As we observe a positive ion resonances of BTTT and HoPc
inside the semiconducting band gap of MoSs, we calculate the spatial distributions of |th(7_")|2 for the highest
occupied molecular orbital (HOMO). The Au tip wave function was simulated by a spherically-symmetric function

o SRLATrD)] [3] with the decay constant k = v/2m¢/h given by a work function of ¢ = 5eV. The integration plane

klF—r3]
was set at 1.5 A above the center of the molecule. The overlap of the wave functions further depends on the tip height
z, which is defined as the distance between the center of the s-wave tip and the center of the molecule. Below we will
discuss the influence of the tip height in more detail. The data in the main manuscript was simulated at z=8.5 A,
which corresponds to a distance of ~ 4.5 A before tip—contact formation.

Franck-Condon excitation

Next, we simulate the set of vibronic resonances within the Franck-Condon picture. In this model, the peak intensity
I}, of the nth harmonic of a vibrational mode k follows a Poisson distribution:

n
Sk Sk

Ikn =e )
n:

(4)

where Sy is the so-called Huang-Rhys factor of the vibrational mode k, describing the electron-phonon coupling
strength. This factor depends on the relaxation energy € of the vibrational mode upon excitation of the molecule
(electron removal for tunneling at negative bias voltage polarity, thereby exciting a vibration in the positive ion
resonance):

_ K
Sy, = oo (5)

Franck-Condon parameters from DFT calculations

For our simulations, we determined the relaxation energy €, and Huang-Rhys factor Sj for all vibrational modes
from DFT calculations. The method of extracting the parameters follows a description by Wilson, Decius and Cross
[4], which has been used in a previous work on BTTT [5]. First, we calculated the relaxed structure of the neutral
and positively charged molecule in gas phase. This allows to extract the atomic displacements upon charging in
mass weighted coordinates 77, Additionally we calculated the vibrational modes and their corresponding normalized
mass-weighted atomic displacements [ for the positively charged molecule. The relaxation energy can be determined
by projecting (77, ) onto the vibrational eigenmodes Lokt

N
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k= iw/%(za: lak '7704)2a (6)



By inserting this calculated relaxation energy into the equation 5, we determined the Huang-Rhys factor Sy for all
vibrational modes. We can then simulate the spectra corresponding to the Franck-Condon excitation (Ap¢ in the main
text). From 4, we know that the peak intensities for a single vibrational mode k are given by the Poisson-Distribution
and are equidistant in energy:

fe(B)=e">" %-5(E—n~mk) (7)
n=0 '

with fwy, its energy.
Thus, the Franck-Condon spectrum for only one vibrational mode k& would be:

with L (E) being the peak shape. Here we use a Lorentzian with half-width-at-half-maximum -~:

L(BE) = %ﬁ 9)

Considering the excitations of several different modes (“progression of progressions”) eq. 8 expands to:
Apc (E)=fi(E) % fa(E) %% f (E) x L (E) (10)

with a total of m = 3N — 6 different vibrational modes and N being the number of atoms of the molecule.
Eq. 10 can also be rewritten as:
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Again using a Lorentzian this yields:
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In the code used for this publication we take all the modes with S, > 0.001 and we reduced the number of excitations
to three, including also coupled vibronic states, e.g. 3wy or 2wy + wy.

Vibration-assisted tunneling

As discussed in the main text, we suggest to extend the Franck-Condon model by including perturbations of
molecular wave functions due to vibrations. Vibration-assisted tunneling can then be regarded as inelastic tunneling
within the excited molecular state.

Inelastic tunneling in the ground state, i.e., neutral molecule, has been experimentally pioneered by W. Ho and
colleagues [6], followed by theoretical descriptions by Lorente and Persson [7]. They considered the change of local
density of state due to the perturbation 6Qx OV, /0Q} of the molecule’s wave function and applied Bardeen’s theory of
tunneling to this perturbed wave function. 6Qx = \/h/2wy is the root mean square displacement of the mass-weighted
vibrational normal coordinate Qj of the mode k. This perturbation of the wave function can be approximated by:

\I]m,k:Jr - \Ilm,kf o A\Pm,k
AQ 2 2 7

5Qk 5Qk (13)

3@
where W, .+ corresponds to the wavefunction for the vibrationally excited molecule, displaced by £6Q). We imple-

mented this in the DFT calculations, by displacing each atom « of the molecule by A7yt = ++/1/mq 6Q - fak, with
m, being the atomic mass. After calculating the wave functions W, 4+ corresponding to the deformed molecule, we
Wi,k

obtained the approximation —;
each mode k, similar to equation 3:

, according to equation 13. Thus, the tunneling probability can be calculated for
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Note that our experiments address inelastic processes in the charged excited state. Hence, we calculated the
perturbed molecular wave functions and corresponding tunneling matrix elements for the positively charged molecule,
which was also used for the calculation of the Franck-Condon excitation.

In analogy to inelastic tunneling in the ground state, the additional contributions to the tunneling matrix element
|Mia, (f)|2 effectively lead to the opening of new tunneling paths, hence, vibration-assisted tunneling.

To reproduce the full vibrational spectra, we have to add the new tunneling paths associated to the modes k to the
simple vibronic spectrum, weighted by the vibration-assisted tunneling matrix element:

Atotar (7, €V) = [ My (7)) - Apc(eV)

+ 37 | Mya, (7)) - Apc(eV + hwy), (15)
k

Effectively, this leads to replicas of the Franck-Condon peaks above the threshold energy Ey + hAwy, with Eg being
the resonance energy of the HOMO.

Note that only three parameters are used in the model: the tip-molecule distance (see discussion below), the tip’s
work function (set to 5eV for a gold tip in this work), and the broadening (width of the Lorentzian functions) of the
electronic and vibronic states (given by the energy resolution in experiment).

ADDITIONAL DATA ALONG BTTT MOLECULE

In the main text, we presented dI/dV spectra recorded at the center and extremity of the thiophene backbone.
Here, we show a full set of spectra along the BTTT molecule. Fig. 5a shows a set of 50 spectra recorded along the
line shown in Fig. 5c. The spectra were recorded at constant height, i.e, the same tip height in all the spectra. Most
importantly, the set of vibronic peaks is found all along the molecule with intensity variations as described already in
the main text. The orange arrow highlights the most pronounced mode of vibration-assisted tunneling at the center
of the molecule.

The line plot further reveals a smooth parabolic-like shift of the elastic peak and its vibrational sideband by up
to ~ 20mV to more negative bias voltages in the center of the molecule. This shift was explained in a previous
work by the effect of an inhomogeneous electrostatic potential of the tip, which affects the energy levels according
to perturbation theory and depending on the tip position [8]. For direct comparison of the simulated vibrational
spectra with experiment we eliminate the inhomogeneous potential in the STM junction in Fig. 5b and d. The
most accurate way for this correction is to divide for each spectrum the bias voltage by the bias of the elastic
peak (Figure 5b.). However, in this manner we loose the voltage scaling which makes a direct comparison with the
simulations complicated. For this reason, each spectrum in the data set shown in the main text was simply shifted,
such that all elastic peaks are found at the same energy. This procedure does not fully account for the inhomogeneous
potential of the tip, as we can easily see by the remaining small shift of the vibronic peaks along the molecule
(Figure 5d). However, the remaining inaccuracy amounts only to a few mV, which is almost in the order of our energy
resolution and does not change the qualitative results of our comparison between the experiment and the simulation.

Figure 5e shows a plot of 50 simulated spectra along the molecule (red line in Figure 5d). Accounting for the voltage
drop (~ 10%) in the MoSs, experimental and simulated spectra are in very good agreement, both in vibrational energies
and spatial intensity distributions.

ADDITIONAL DATA ON H,PC

Fig. 6a shows a dI/dV spectrum (red) recorded on a HoyPc molecule in an energy range spanning over the entire
band gap of MoSs (reference spectrum over the bare MoSy is also shown for comparison). In the semiconducting
gap of MoSs we observe a sharp positive ion resonance (PIR) of the HoPc. This is at the focus of our discussion
in the main text. Moreover, we observe an additional negative ion resonance at ~ 1.75V, which can be associated
to tunneling through the lowest unoccupied molecular orbital (LUMO) of the HoPc [9]. Note that this state is not
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Figure 5. a) 2D plot of 50 dI/dV spectra recorded along a line over a BTTT molecule (see red line in c)). All spectra
are recorded with the same tip height (feedback off). b,d) 2D plot of the same set of data as in a) after accounting for the
inhomogeneous tip potential by b) dividing the bias voltage by the voltage of the elastic peak and d) shifting the elastic peak
everywhere on the molecule to zero (Vhias — Velas). ¢) STM topography (10 pA, -850 mV), of BTTT molecular island. Spectra
shown in a,b) are recorded along the red line. e) Simulated conductance map (tunneling matrix element) of the HOMO of the
BTTT, with the overlaid molecular model. f) 2D plot of 50 simulated spectra considering the tip position along the red line in
d).

protected by the MoSs band gap, thus occurring with much broader width due to the much shorter lifetime of the
excited state.

Fig. 6b shows a dI/dV spectrum around the energy of the PIR, recorded with the tip position over one of the
eight lobes of the HOMO. This spectrum exhibits a strong elastic peak, and no intense vibronic replica. Spectra
recorded more towards the center of the molecule (Fig. 6d) show intense vibronic features despite of a suppressed
elastic peak (see also data in main text). As explained in the main text, we calculated the tunneling matrix elements
including vibrational perturbations of the molecular wave function. We observe that many vibrational modes provoke
an increase of the tunneling matrix element (Fig. 6d, middle panel). This is due to the presence of a large number of
nodal planes in the HOMO, such that symmetry breaking by vibrations plays an important role in this molecule (see
more detailed discussion below). Using |M;a, (F)|2, we simulated the total vibrational spectra (as shown in Fig. 4c of
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Figure 6. a) dI/dV spectra recorded on bare MoSz(gray) and on a HaoPc(red). Set point: V =2V, I = 300 pA, Vinoa = 5mV.
b) Black curve: dI/dV spectrum in the energy range corresponding to the gray box in a). Set point: V =-1.2V, I = 50pA
Vimoa = 1 mV. Red curve: simulated Franck-Condon spectrum as described in the theoretical section with Lorentzian functions
of 12mV FWHM. The energy axis for Arc is scaled by a factor of 1.1 to take into account the voltage drop in the MoS2, and
simplify the comparison with experiment. Inset: zoom of the low intensity part of the spectra (black box). c¢) Experimental
(top) and simulated (bottom) conductance maps of the elastic contribution of the HOMO. d) Top: same experimental dI/dV
spectra than in the main text. middle: Calculated change of the square of the tunneling matrix element |M;a, (7)|? for all
vibrational modes k of HoPc for tip positions similar to those shown in Fig. 4 (the same simulated spectra are shown again
in the bottom panel) . e) Experimental (top) and simulated (bottom) conductance maps for energies of all inelastic peaks
observed and discussed in the main text (See corresponding dashed lines in d)) .

the main text), which is in good agreement with the experimental dI/dV spectra.
Additionally, we show in Fig. 6e the simulated conductance maps for all observed experimental resonances (top
panel of Figure 6e). We observe good agreement for all resonances («, 8 and 7).

DETAILED ANALYSIS OF MODES INVOLVED IN VIBRATION-ASSISTED TUNNELING

Considering the exquisite energy resolution in experiment and remarkable agreement with our model of vibration-
assisted tunneling, we now aim at characterizing the properties of the vibrational modes, which contribute particularly
strongly to this process. To find out about possible selection rules, we describe the character of these modes, and why
they participate to the vibration mediated excitation.

BTTT

Vibration-assisted tunneling in BTTT was only important for one vibrational mode. This mode, with a calculated
energy of 43.1 meV, is represented in Figure 7b. It describes an out-of-plane stretching motion of the C—C bonds in the



11

Figure 7. a) Perspective view of the BTTT molecule superimposed with the calculated HOMO wave-function iso-density .
b) Visualization of the main vibrational mode involved in vibration-assisted tunneling, with the same 3D view as in a. The
displacement (amplitude and direction) of the atoms upon vibration are represented by red arrows (the motion of H atoms are
not shown for clarity). c¢) 2D map of |M;a, (7)|* for the vibration described in b.

thienothiophene backbone (without the alkyl chains). Its influence on the tunneling matrix element can be deduced
from the perturbed HOMO wave function. The HOMO exhibits several nodal planes along the thienothiophene
backbone (seven lobes, six nodes). The tunneling matrix element is thus smaller in the center of the molecule, where
the nodal planes reduce the overlap between tip and HOMO, as compared to the extremities. The vibration at
43.1 meV breaks the symmetry at the center of the molecule, where the C atoms move in opposite out-of-plane
directions. Hence, the tunneling matrix element is larger in the center when the perturbation of the HOMO by this
vibration is taken into account (see Figure 7c). The activation of this tunneling matrix element effectively leads to
the vibration-assisted tunneling observed in experiment and simulations.

The broken symmetry of the molecular wave function by a vibration with respect to the tip can be regarded as a
selection rule for vibration-assisted tunneling. To show its general validity, we also investigated HoPc. We discuss the
symmetry arguments at the example of this molecule below.

HQPC

As shown in the main manuscript and above, there are several peaks in the dI/dV spectra that arose from vibration-
assisted tunneling in HoPc (see also Figure 6d). These were categorized as «, # and 7 according to their symmetric
appearance in the experimental d7/dV maps. We will analyze the properties of the involved modes and their effect
on the HOMO now in more detail. The vibrational analysis of HoPc reveals that each of the experimentally observed
resonances consists of several modes, which are close in energy and, thus, cannot be resolved separately in experiment.
The modes corresponding to «, 8 and  are shown in Figure 8, Figure 9, and Figure 10, respectively.

Resonance « arises from three modes at 26.7, 32.3 and 34 meV. These modes describe out-of-plane stretching modes
of the C-N bonds of the macrocycle (Figure 8c). The first one breaks the symmetry of the wave function along the
nodal plane perpendicular and parallel to the inner H atoms. The second and third mode break the symmetry
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Figure 8. a) HoPc molecule superimposed by the calculated iso-density contour of the HOMO wave function. b) Simulated
dI/dV map of resonance a. c) Visualization of the vibrational modes involved for the resonance «, with the same perspective
as in a). The displacement (amplitude and direction) of the atoms upon vibration are represented by red arrows (the motion
of H atoms are not represented for clarity). d) 2D map of |M;a, (7)|* for the vibrations described in c).

perpendicular (32.3meV) and parallel (34 meV) to the nodal plane along the H atoms, respectively. The tunneling
matrix elements associated to the vibration-induced perturbations of the wave functions are shown Figure 8d. The
sum of the three vibration-assisted and elastic tunneling contributions yield the map in Figure 8b.

The mode analysis for the /3 resonances is shown Figure 9. Again, 8, 8’ and 3" arise from several energetically close-
lying vibrations. Common to all vibrations is their out-of-plane character. They describe molecular distortions due
to out-of-plane stretching of C-C bonds of the macrocycle and/or the isoindoline moieties (see Figure 9). Moreover,
all modes share their anti-symmetric character with respect to the perpendicular (modes at 60.4, 81.2, 97.7 meV) or
the parallel (modes at 60.8, 81.7, 96.6 meV) direction of the inner H atoms or simultaneously both directions (54.8,
78.9, 96.5 and 97.9meV). Furthermore, the modes at 54.8 and 78.9mV are also asymmetric with respect to the node
along the diagonal of the macrocycle. Hence, multiple modes delocalized along the macrocycle break the symmetry at
the numerous nodal planes of the HOMO wave function. The vibration-assisted tunneling matrix element |M;a, (F’)|2
(Figure 9) is therefore sizable along the entire macrocycle.

The ~ resonances originate from in-plane vibrations with an asymmetric deformation of the inner macrocycle,
mainly discernible by the motion of the inner H and N atoms (see scheme in Figure 10). These modes break the
symmetry relative to the center of the molecule and crucially affect the overlap with an s-wave tip, expressed by a
large | Mya, (7).

HEIGHT DEPENDENCE OF VIBRATION-ASSISTED TUNNELING

As explained in the description of the model, the tip height (or tip-molecule distance), is one of the free parameters
in the calculations of the tunneling matrix elements. In this section we discuss how this parameter influences the
relative intensity of vibration-assisted tunneling, and therefore the comparison with the experiment.

To start with, we need to clarify that the tip height z in the calculations of the tunneling matrix element is defined
as the distance between the center of the s-wave tip and the center of the molecule (see Figure 11a). Therefore
the values of z used in this section cannot be directly compared with the tip—molecule distance considered in STM
experiments, which is commonly referred to as the tip distance to “contact” of the molecule.

Figure 11b shows three simulated conductance maps for the HOMO of the BTTT at three different tip heights (5,
7 and 9 A) At larger z the structure of the nodal planes is washed out due to the extent of the wave functions in
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Figure 9. Visualization for HoPc of all the vibrational modes involved for the resonance 3 (top left),3’ (bottom left) and
B” (right), their corresponding 2D map of |Mia, (7)|> and the simulated map for each resonance. The calculated HOMO’s
wave-function iso-density is shown in the top right

vacuum. A similar effective reduction of spatial resolution may also result from a broad tip apex. While we consider
an s-wave tip shape, the tip apex may consist of one or several atoms in reality. As we neither know the exact tip
height, nor the tip shape, the parameter z implicitly accounts for the interplay of both of these. Thus, adjusting the
tip height z is also a way to simulate different tip shapes, with a smaller (higher) z associated to a sharper (blunter)
tip apex.

The effect of z in the model can be observed in the case of BTTT by comparing the elastic contribution with the
tip above the extremity and in the center of the molecule (same positions as in the main text, indicated by crosses
in Figure 11b). Figure 11c shows the ratio of the tunneling matrix elements | My, (7)|> at these two positions as a
function of z. The ratio decreases continuously from ~ 300 at z = 6 A to ~ 10 for z = 9 A. This variation results
from the effect of smoothing of the wave function overlap above the molecule as described above. This range is in
agreement with experiment, where we observe different intensity ratios (from 10 to 100, indicated by the gray box of
Figure 11c) of the elastic peaks at the BTTT’s extremity and center with different tips - with nominally the same
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Figure 10. Visualization for HaPc(top view) of all the vibrational modes involved for the resonance v (left) and 4’ (right),
their corresponding 2D map of |M;a, (7)|* and the simulated map for each resonance. The calculated HOMO’s wave-function
iso-density is shown in the top (also top view)

tip height. An example of the variation of the spectra with different tips is shown in Figure 11le and f. The elastic
peak in the center is hardly observable in the second data set. As the conductance of the elastic peaks is the same
at the extremity in both cases, the change in ratio does not indicate a different tip height, but another tip shape. To
show that this may indeed be the case, we calculate the ratio of the elastic (|M;,, (7)|°) and inelastic (|M;a, (7)|%)
contribution as a function of z (Figure 11d). The ratios observed in experiment correspond to z = 8.5 A for the data
set 1 and z =7 A for the data set 2. The change in tip shape may thus be captured in the simulations by a variation
of the free parameter z.

A last remark on the height dependence of the model refers to the relative efficiency between different modes of
the vibration-assisted tunneling. Figure 12 shows, in the case of HoPc, a set of simulated spectra for three different
values of z (all other parameters are similar), considering the tip above the center of the molecule. For better
comparison, the spectra are normalized on the § resonance. While the a and 5 peaks keep almost the same relative
intensities, the v peaks vary strongly. This indicates that at this tip position, vibration-assisted tunneling due to
the modes involved in the resonances 7 decay faster with z than for the other modes. As we discussed before,
the modes involved for v and «’ are in-plane vibrations whereas out-of-plane modes dominate the other resonances.
Intuitively, we can easily understand that in-plane and out-of-plane perturbations of the wave function react differently
to tip approach. Unfortunately, for stability reasons (molecules diffuse easily upon tip approach), we do not have
experimental confirmation of this effect.
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Figure 11. a) Sketch of the wave functions of tip and molecule, with the definition of z as used in the model. b) Simulated
conductance map for the HOMO of BTTT for three different values of z. ¢) z dependence of the ratio of the tunneling matrix
element | My, (7)|” at the extremity and center of the molecule (for positions see crosses in b). d) z dependence of the ratio
of the tunneling matrix element between the elastic | My, (7)|* (tip above the extremity (black) and the center (red)) and the
inelastic |M;a, (7)|? (tip above the center). e) and f) experimental dI/dV spectra for two different molecules with the tip above
the extremity (red) and the center (blue) (feedback open with tip above the extremity at -1.2'V and (e) 300 pA or (f) 250 pA
). g) simulated dI/dV spectra for the tip above the center of the molecule for two different values of z.
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Figure 12. Simulated spectra of the HoPc, considering the tip above the center of the molecule, for three different values of
z. Spectra are normalized in intensity to the resonance f.
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