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The appearance of frontier molecular ion resonances measured
with scanning tunneling microscopy (STM)—often referred to as orbital [V
density images—of single molecules was investigated using a CO-function- {
alized tip in dependence on bias voltage and tip—sample distance. As model
systems, we studied pentacene and naphthalocyanine on bilayer NaCl on :
Cu(111). Absolute tip—sample distances were determined by means of atomic
force microscopy (AFM). STM imaging revealed a transition from
predominant p- to s-wave tip contrast upon increasing the tip—sample
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distance, but the contrast showed only small changes as a function of voltage. The distance-dependent contrast change is
explained with the steeper decay of the tunneling matrix element for tunneling between two p-wave centers, compared to
tunneling between two s-wave centers. In simulations with a fixed ratio of s- to p-wave tip states, we can reproduce the
experimental data including the distance-dependent transition from predominant p- to s-wave tunneling contribution.
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Bardeen’s tunneling theory, density functional theory

Recent progress in on-surface synthesis' * enabled the
generation of elusive and long-sought molecules, as for
example graphene nanoribbons,” high-spin hydrocarbons,””
elusive molecular allotropes of carbon,’’™'" nanogra-
phenes,">™" and molecules with open-shell’*™** or antiar-
omatic character.”>** In addition, chemical reactions were
explored using atom manipulation, for example, retro-Bergman
reactions™ and selective redox reactions.”® Investigation of
elusive products and the determination of their properties
crucially relies on AFM and STM to reveal their geometric and
electronic structures, respectively. The imaging of molecular
orbital densities by STM, often performed on ultrathin NaCl
layers,”” can reveal intriguin§ properties and effects, such as
hydro§en tautomerization,” metal-molecule bond forma-
tion,”® Jahn—Teller distortions,”*>"3* entanglement of
multireference states,”> or switching between open- and
closed-shell configurations.”* In many cases, CO-tip function-
alization is the method of choice to enhance the spatial
resolution in both AFM® and STM.>® However, the
interpretation of the CO-tip STM contrast, in particular by
comparison to calculated molecular orbitals, is not straightfor-
ward because CO tips have not only an s-wave character, but in
addition a p-wave character. It has been shown that the
contribution of p-wave character in CO-tip STM varies both
with tip—sample distance’’~** and with bias voltage.*’
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Orbital density images obtained by STM are typically
assigned to the attachment (detachment) of electrons to
(from) frontier molecular orbitals.”” Using a metallic STM tip
with tip states of mainly s-wave character,”® such images
resemble the electron density related to the probed orbital,
which we refer to as s-wave tip contrast. Attaching a CO
molecule at the tip apex introduces tip wave functions that
derive from the 27*-states of CO,>**¢ having p-wave character
with a nodal plane perpendicular to the sample surface. The
2m*-states of CO come as degenerate pairs, which have p,- and
py-orbital character with x and y being the two Cartesian
coordinates in the surface plane. According to Chen’s
derivative rule,"” tunneling via such p-wave tip states results
in images that show the squared modulus of the lateral gradient
of the sample’s wave function, which we name a p-wave tip
contrast.*® A CO tip comprises both s- and p-wave tip states,
which can be approximated by s- and p-wave states localized at
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Figure 1. Distance- and voltage-dependent contrast at the NIR with a Cu tip and a CO-functionalized tip. (a) Sketch of the experiment. The
absolute tip—sample distances z: for both Cu and CO tips were calibrated by AFM using the same tips as for the respective STM
measurements (see Figure S1). s- and p-wave tip states are schematically drawn to the respective foremost tip atom. (b) Constant-height
STM data recorded with a Cu tip at z¢ = 9.8 A, at bias voltages from the resonance onset (V = +1.3 V) across the NIR. Data obtained at
different z are plotted in Figure S4. (c) Constant-height STM data recorded with a CO tip for different bias voltages V across the NIR
(horizontal) and different tip—sample distances z (vertical). Gray panels are in regions at which the tunneling current I was below the
detection limit (I < 0.01 pA, top left) and in regions where the tunneling current became too large for stable imaging (I > 100—300 pA,

bottom right). Each color scale ranges from zero (black) to the respective maximum current I, (white), see Figure S4 for I,

sizes 3.0 nm X 1.5 nm.

values. Image

the oxygen atom,*"*

has been observed in STM experiments.
Furthermore, experiments have shown that the CO-tip STM
contrast nontrivially relies on the imaging parameters: A
relative increase in s-wave tip contrast has been observed both
with increased tip—sample distance®*™*"** and with an
increased absolute value of the bias voltage.”” Our work aims
to provide an experimentally backed up explanation of the tip-
height dependence and voltage dependence of CO-tip orbital
density STM images, to evaluate these dependencies in
quantitative terms, and to advance their understanding and
modeling.

Here, we systematically investigate the distance and voltage
dependence of CO-tip STM. We resolve the transition from p-
wave to s-wave tip contrast upon increasing the tip—sample
distance and reproduce it by calculating the different decay
constants of the respective tunneling matrix elements. We

and a mixed s- and p-wave tip contrast
36,39,41,42,45,48—50

employ AFM to quantify absolute tip—sample distances. In
simulations, with a fixed ratio of s- to p-wave tip states, we
obtain good agreement for all measured tip heights and
provide explanations for the observed contrast changes. Our
findings facilitate the comparison of CO-tip STM images with
calculated molecular orbitals.

RESULTS/DISCUSSION

As model compounds, we investigated individual penta-
cene”””*® and naphthalocyanine***® molecules adsorbed on
bilayer NaCl on a Cu(111) surface with metal (Cu) and CO-
functionalized STM tips.”" AFM Af(z) spectroscopy was used
to calibrate the tip—sample distance (see Methods and Figure
S$1).>>>® The calibrated, absolute tip—sample distance z refers
to the distance between the center of the foremost tip atom
and the molecular plane of the imaged molecule, see Figure 1a.
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Figure 2. I(z) spectroscopy with a CO tip. (a) Calculated LUMO of pentacene plotted at an isovalue of 0.01 e/ag,,>. Local s- and p-like sites
are indicated. (b) Constant-height STM data recorded at the NIR (V = +1.35 V, 2. = 4.5 A) of pentacene on bilayer NaCl/Cu(111) using a
CO tip. Sites of I(z¢) spectroscopy are indicated. Dotted lines in (a) and (b) denote the short center axis of the molecule as a guide to the
eye. Image size 3.0 nm X 1.5 nm. (c) I(zc) obtained from the data set shown in Figure 1c at V = +1.35 V, at positions 1 (local s-like site), 2
(local p-like site), and 4 (bare substrate), see (b). Solid lines: single exponential fits to the data, with the tunneling decay constants
indicated. (d) I(z¢) at position 3 (neither s- nor p-like site). The data is fitted by two separate fits for zc = [3; 5.3] A (light blue) and
z¢ = [6; 8] A (dark blue). Extrapolations are plotted as dashed lines and a gray line denotes the fit on NaCl as shown in (c). (e, f) Calculated
distance dependence of the tunneling matrix element IMI*> between two vertically aligned s-centers (green) and p-centers (purple), see

Methods. d denotes their center-to-center distance.

On bilayer NaCl, pentacene exhibits ion resonances around
sample bias voltages V of V = —2.3 V (positive ion resonance,
PIR) and V = +1.6 V (negative ion resonance, NIR).”” In the
main text, we focus the discussion on the NIR (see Figures S2
and S3 and Supplementary Note 1 for respective data at the
PIR and corresponding discussion). To systematically
investigate the evolution of the STM contrast, we collected a
series of constant-height STM images as a function of both
tip—sample distance z¢ and sample bias V, see Figure 1b,c.

Figure 1b displays data obtained with a Cu-terminated (s-
wave) tip. The images at the NIR (V > +1.3 V) exhibit three
intense lobes, as reported previously.”” Upon increasing V
beyond the onset of the NIR, we observe a subtle intensity
increase of the central lobe with respect to the end lobes. We
do not observe a pronounced distance dependence with the
Cu tip for 7.4 A < z¢ < 104 A; hence, we here display data
only for a single value of z¢ (different distances are shown in
Figure S4).

Measurements performed with a CO tip are displayed in
Figure lc. At all probed bias voltages V beyond the onset of the
NIR (V= +1.35Vto V= +1.8 V), the STM contrast exhibits a
strong distance dependence. For small zo (zc < 4 A), the
contrast is dominated by six maxima, corresponding to a
pronounced p-wave tip contrast.”® Going to an intermediate z¢
(z¢ ~ 5.7 A), the relative intensity at the molecular center and
both ends increases. For large z¢ (z¢ > 7 A), the images
resemble the measurements obtained with the Cu (s-wave) tip
(Figure 1b), that is, three lobes, with the central lobe gaining
intensity with respect to the end lobes upon increasing V
beyond the onset of the NIR.

The lowest unoccupied molecular orbital (LUMO) of
pentacene exhibits local s- and p-like sites, i, maxima and
nodal planes between two adjacent maxima, respectively, see
Figure 2a. For different lateral positions shown in Figure 2b,
we extract current-versus-distance spectra I(zc) from the STM
data at V' = +1.35 V and plot the results in Figure 2¢,d. Fitting
the I(zc) data obtained at site 1 (local s-like site), site 2 (local
p-like site), and site 4 (on the bare NaCl surface) by single-
exponentials I(z) & I,e™%>" we obtain the tunneling decay
constants Ky(y), Ky(y) and Kynacr)- The decay at the p-like site
Ky = 123 + 0.02 A™' (purple in Figure 2c) is steeper
compared to the s-like site k;¢) = 1.02 + 0.01 A™! (green in

Figure 2c) and the bare NaCl substrate ky(y,cpy = 1.02 % 0.02
A" (gray in Figure 2¢). In addition, compared to the s-like site
and bare NaCl site, we observe that at the p-like site, the fit by
a single exponential is less good. The experimental log(I)-
versus-z¢ data of the p-like site shows a positive curvature,
indicating that the decay constant decreases with increasing z.
If we fit the data on the p-like site by two exponentials, we
obtain Kz(p)d"se = 1.35 + 0.02 A™' fitting only the “close”
interval [3; §.3] A and k()™ = 1.13 + 0.06 A™" fitting only the
“far” interval [6; 8] A (see Figure S5). Note that in the “close”
interval, the decay is steeper than in the “far” interval, but even
in the “far” interval, the decay is still steeper compared to the s-
like site.

Fitting the data on site 3, which is neither a local s- nor p-like
site, by two exponentials, we obtain ;%% = 1.31 + 0.02 A~
and ;™ = 1.02 + 0.02 A™! (Figure 2d). That is, in the “close”
interval, the decay corresponds to the value obtained at the p-
like site, and in the “far” interval, the decay corresponds to the
value obtained at the s-like site. With a Cu tip, we obtained
decay constants of kg, ~ 095 + 0.02 A™!) with small
variation at different lateral sites across the molecule, see
Figure S6.

The different observed decay constants can be e}%)lained
within the framework of Bardeen’s tunneling theory,”**® under
the assumption that a CO tip exhibits both s- and p-wave tip
states.*® As wave functions, we employ spherical vacuum wave
functions”’ (see Methods) with an identical decay constant A
for s- and p-centers (note that we denote decay constants of
wave functions by 4, but decay constants of tunneling current
and tunneling matrix elements by k). We calculated the
tunneling matrix elements M, ; between two vertically aligned s-
and p-centers, respectively, representing elastic tunneling
between tip (subscript i) and sample (subscript j) states, see
Figure 2e. Note that the tunneling matrix element between
vertically aligned s- and p-centers is zero (M, = 0).%® The
tunneling current I is proportional to the squared modulus of
M, ie., I  IMP?, which is displayed in Figure 2f as a function of
distance between the two centers. Although the vacuum decay
constants A of wave functions of the s- and p-centers are
identical, Figure 2f shows that the tunneling matrix element
between two p-wave centers IMI,_},I2 is subject to a steeper decay
constant k than the one between two s-wave centers,
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i.e,, IM, 23739404557 ‘We provided an intuitive explanation for
this behavior in Figure S7 and Supplementary Note 2. In
addition, log(IM,*) exhibits a positive curvature with a
steeper decay at smaller tip—sample distances compared to
larger tip—sample distances. The calculated distance depend-
ences of M, |* and IMWI2 qualitatively resemble the measured
I(z¢) data obtained on the s- and p-like sites (Figure 2c and
Figure SS).

Based on this agreement, we suggest that transport above s-
wave sites is predominated by tunneling from CO-tip s-wave
states (e.g., at position 1), but at p-wave sites from CO-tip p-
wave states (e.g, at position 2). Other sites can be expanded in
different multipole contributions, hence as a superposition of s-
and p-like sites (see Methods). Higher-order multipole
contributions such as d-like sites are not considered here.
The sum of IM_ > and |M},_p|2 contributions exhibits a crossover
between a z-range predominated by |M‘,,_p|2 (at small tip—
sample distance) and a z-range predominated by IM, > (at
large tip—sample distance), see Figure 2f. This agrees well with
the I(zc) data obtained on site 3 (Figure 2d), which suggests
that at sites of combined s- and p-like character, tunneling via
the CO-tip p-wave states predominates at small tip—sample
distances, while tunneling via s-wave states predominates at
large tip—sample distances. Note that in this picture, the tip
height z:" at which the crossover from dominating |Mp_p|2
contribution toward dominating IM, [* contribution occurs,
will depend on the relative contributions of s- and p-like
character at the respective site. That is, the larger the relative
local p-like (s-like) character in the orbital density, the larger
(smaller) the crossover-distance z.’.

A site-dependent tunneling decay also explains the evolution
of CO-tip STM image contrast as a function of distance, as
observed in Figure lc. For small z¢ (z¢ < 4 A), tunneling via
CO-tip p-wave states predominates the current (at almost all
lateral positions), which creates the dominant p-wave tip
contrast at small distances.’® At an intermediate
z¢ (z¢c & 5.7 A), the tunneling current contributions through
s- and p-wave tip states are overall of comparable magnitude.
However, the relative contributions of tunneling via s- and p-
wave tip states will be different at different lateral positions.
Above sites with similar s- and p-like character they might be
similar, whereas above sites of local s-wave (p-wave) character,
tunneling via s-wave (p-wave) tip states will predominate. The
STM contrast thus reflects a superposition of s- and p-wave tip
contrast, which has been observed previously in CO-tip STM
experiments.36"”9’41’42'45’48_50 For large z¢ (z¢ > 7 A),
tunneling via CO-tip s-wave states predominates the current
(at almost all lateral positions), and the STM contrast
resembles the Cu (s-wave) tip measurements (Figure 1b).

The origin of the particular s-wave tip contrast of the STM
image at the NIR, comprising three prominent lobes, is two-
fold. First, the large tip—sample distance (z¢c > 7 A) leads to a
decrease of the lateral resolution such that only the two
outermost and the central lobe remain visible (Figure $8).27%8
Note that with a Cu tip, imaging at zc < 7 A is not possible
because the tunneling currents become too large for stable
imaging. However, with a less conductive, pentacene-
terminated tip, all seven lobes of the LUMO were resolved.”’
Second, pentacene’s outermost benzene rings bend toward the
NaCl surface, affecting the relative intensity of the lobes at the
ends with respect to the lobe at the center.”” We observe
almost no spatial variation of k¢, across the molecule
(Figure S6d), in line with the absence of a pronounced

distance dependence in the Cu-tip STM contrast (Figure S4a).
Small intramolecular differences of k¢, at different lateral
positions above the molecule as well as a substantially
decreased K¢y, ~ 0.8—0.9 A™! above the perimeter of the
molecule (Figure S6) can be explained by topographical
considerations.”’

While elastic tunneling with different x involving s- and p-
wave tip states accounts for the pronounced distance
dependence, it does not explain the subtle voltage-dependent
contrast variations. In images with dominating s-wave tip
contrast (Cu tip: Figure 1b; CO tip: Figure lc, zc > 7 A), we
observe a relative intensity increase in the central lobe when
increasing V across the NIR (V = +1.35 Vto V = +1.8 V). This
finding can be explained by electron—vibron (e—v) coupling in
the framework of an extended Franck—Condon (FC) model.®*
In the FC picture, the excess energy of tunneling electrons
(with respect to the resonance onset, here at V = +1.35 V)
excites vibrational modes in the molecule. This electron-vibron
coupling can lead to the opening of additional tunneling
channels (vibration-assisted tunneling), for which the tunnel-
ing matrix elements can couple tip and sample states of
different symmetry.*>°"** For an s-wave (p-wave) tip, this
effect results in a growing contribution of p-wave (s-wave) tip
contrast upon increasing V above the onset of the resonance.
For a metal s-wave tip, the effect has been shown to be more
pronounced above the center of pentacene, where the LUMO
has a high density of nodal planes, facilitating e~z coupling.*
We thus expect that, for tips and distances at which an s-wave
tip contrast is predominating, the increased e—v coupling in
the central region of pentacene is responsible for the relative
increase of the central lobe with increasing voltage. These
arguments explain the voltage dependence of the Cu-tip STM
contrast (Figure 1b) and of the CO-tip STM contrast for large
distances (Figure lc, zc > 7 A).

We do not observe a pronounced voltage dependence in
CO-tip STM at intermediate distances (Figure 1c, zc & 5.7 A).
At these tip heights, elastic tunneling through both s- and p-
wave tip states already contributes to the contrast significantly,
as explained above. Adding inelastic contributions from e—v
coupling for a tip that already has a mixed character seems to
not change the contrast substantially. For CO-tip STM at small
distances (Figure lc, zc < S A), at which the image at the
onset of the resonance is predominated by p-wave tip contrast,
one might expect increasing s-wave tip contrast at voltages
exceeding the onset of the resonance due to e—v coupling.
However, this regime could not be probed, because the
resulting tunneling currents become too large for stable
imaging (bottom right area of Figure lc).

Next, we discuss the distance-dependent transition from p-
to s-wave tip contrast in STM images for the case of pentacene
by comparing experimental (Figure 3a) to simulated (Figure
3b) STM images at the NIR. Accompanying AFM measure-
ments allowed us to calibrate the tip—sample distance z¢ in
absolute terms,”” as described in Figure S1. Consequently,
the tip heights used for the simulations (z,) are not fitting
parameters but have been fixed to the experimentally
determined, calibrated values z.. For the CO-tip states, we
used a fixed s/p-ratio of 2.5/1 (corresponding to the prefactors
of the tip wave functions) with wave functions centered at the
foremost atom (oxygen),** see Methods for more details. The
resulting STM images reproduce the experimental findings well
over the explored z-range (Figure 3), showing a transition from
p-wave STM contrast to s-wave contrast with increasing
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Simulation

Figure 3. Comparison of STM measurement and simulation. (a)
Constant-height CO-tip STM data at the NIR (V = +1.4 V) of
pentacene on bilayer NaCl/Cu(111) at different z¢ indicated in
each panel. (b) Simulated constant-height STM images of the NIR
of pentacene adsorbed on NaCl. The simulations were performed
at the AFM calibrated tip—sample distances z, = z¢c. A mixed s/p-
wave tip with a fixed s/p-ratio of 2.5/1 is used in the simulations
(see Methods for details). Image sizes 3.0 nm X 1.5 nm.

distance (see Figure S8 for extended data). We also obtain
good agreement to constant-current STM images by
comparison to calculated isosurfaces (constant IMI*), see
Figure S9. Based on the comparison of experiments and
simulations, we furthermore propose in Figure S10 a simple
method to simulate STM images from DFT orbitals using a
convolution with a Gaussian kernel,”***>*? which qualitatively
reproduces the distance dependence. The good agreement
between measured and simulated STM images support that the
distance dependence of the image contrast inherently arises
from different decay lengths of tunneling that involves s- and p-
wave tip states.

The simulated STM images in Figure 3b have been obtained
based on the DFT-calculated LUMO of pentacene on bilayer
NaCl (see Methods). A description of charge transitions
accounting for the multireference character of states can be
given within the concept of Dyson orbitals.”> Dyson orbitals
describe transitions between molecular N- and (N + 1)-
electron wave functions and capture electronic many-body
effects.* Depending on the system, shapes and relative
energies of Dyson orbitals might differ from the one-electron
wave functions.'”*>°® For the case of pentacene, the highest
occupied molecular orbital (HOMO) and LUMO well
resemble the shape of their corresponding Dyson orbitals,
ie, for electron detachment and attachment to the neutral
molecule, respectively, which allows us to base our analysis on
single-reference DFT.> Note that for longer acenes such as
tridecacene, the multireference character of states becomes
more pronounced and needs to be considered.””**

To corroborate the generality of our findings, we measured
STM images at different z¢ at the NIR of naphthalocyanine,
whose LUMO exhibits more nodal planes than that of
pentacene.28’36 With a Cu (s-wave) tip, as for pentacene,
STM imaging at “far” and “close” tip—sample distances reveals
only minor quantitative, but no qualitative change of contrast
(see Figure 4a and extended data in Figure S11). Figure 4b
demonstrates the pronounced distance dependence of a CO
tip. At small z¢ (tip close, bottom image in Figure 4b), the
image is predominated by p-wave tip contrast that §ives rise to
current maxima at the nodal planes of the LUMO.® Upon tip

Cu-tip STM Simulation

CO-tip STM

Figure 4. STM of naphthalocyanine on bilayer NaCl/Cu(111). (a)
Constant-height STM data at the NIR (V = +0.55 V) measured
with a metal (Cu) tip, obtained at large (top row) and small
(bottom row) tip—sample distances z¢. (b) Constant-height STM
data at the NIR (V = +0.6 V) measured with a CO tip. Extended
data can be found in Figure S11. (c) Simulated constant-height
STM images of the NIR of naphthalocyanine adsorbed on NaCl.
The simulations were performed at the AFM calibrated tip—
sample distances zg,, = zc. A mixed s/p-wave tip with a fixed s/p-
ratio of 2.5/1 is used in the simulations (see Methods). Image sizes
2.7 nm X 2.7 nm.

retraction to larger distances (tip far, top image in Figure 4b,
for extended data see Figure S11), an s-wave tip contrast
evolves, which well resembles the one obtained with the Cu (s-
wave) tip (Figure 4a). Simulated STM images obtained at the
experimentally determined tip heights and using a fixed s/p-
ratio of 2.5/1 for the tip states reproduce the experimental
CO-tip STM images well over the explored z-range (Figure
4c). These observations are in line with the findings on
pentacene, explained by tunneling via p-wave tip states
decaying steeper than tunneling via s-wave tip states, which
results in a transition from p-wave to s-wave tip contrast with
increasing tip—sample distance.

We emphasize that the s/p-ratio used in the simulations is
solely determined to best fit the data and depends on the
chosen values of the wave function prefactors and decay
constant A (see Methods). Here, we observe that for both
molecules and different individual CO tips, an s/p-ratio of
2.5/1 provides good agreement to the measured STM images
at all accessible tip heights (further ratios are shown in Figures
S8 and S12 for pentacene and naphthalocyanine, respectively).
Finding the same ratio of 2.5/1 for different molecules and
different individual tips indicates that the ratio might be
applicable to simulate CO-tip STM images also of other
molecules.

The accessibility of tip heights for the predominant p-wave
tip contrast regime, transition regime, and predominant s-wave
tip contrast regime using a CO tip depends on the applicable
and measurable tunneling currents. These constraints are more
restricting when imaging the PIR of pentacene (V = —2.3 V).
Corresponding STM data, I(z¢) curves and discussion can be
found in Figures S2 and S3 and Supplementary Note 1,
respectively. The CO-tip STM images at the PIR exhibit
pronounced p-wave tip character for small tip—sample
distances and a mixed s- and p-wave tip contrast in the
intermediate regime, as observed for the NIR. However, the
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signal at the PIR diminishes before recovering a predominant
s-wave tip contrast upon further tip retraction.

In our measurements, the apparent onsets at the NIR shift
by less than +50 meV upon changing the tip—sample distance.
For pentacene, this can be seen in the STM images in which
contrast related to the NIR starts to arise at about V= +1.3V
for all tip heights, for both CO and Cu tips (Figure lc and
Figure S4). Because of the small shift, we discuss the distance
dependence of the STM contrast at constant bias voltages (V =
+1.4 V for pentacene in Figure 3a, V = +0.6 V for
naphthalocyanine in Figure 4b). In general, changing the
tip—sample distance can lead to substantial shifts of the ion
resonances, ie., the voltage of the peaks in dI/ dV.615%70 This
shift mainly results from the tip-height-dependent voltage drop
across NaCl (lever arm) and from electron—vibron coupling.*
We provide a discussion of effects that can lead to shifts in the
resonance’s peak and onset voltages in Supplementary Note 3.

A CO molecule at the tip apex is subject to substantial
geometric relaxations (tilting) in the regime of bond-resolved
imaging with AFM, which emerges for about z; < 3.9 A
(Figure S1). The tilting can significantly affect the image
contrast both in STM and AFM.****7'~"® However, in our
CO-tip STM measurements (Figure 1c), which are conducted
at larger tip—sample distances compared to typical distances
for bond-resolved AFM (zc ~ 3.5 A),’> we observe no
distortions or sharp features in the images in the range of
probed tip—sample distances (z¢ = [3.6; 9.0] A). We therefore
neglected CO tilting effects in our analysis. We assume that in
general, in STM images at ion resonances, the currents will be
too large for stable imaging at tip heights at which images are
strongly affected by tip relaxations. This assumption is
supported by the good agreement of experimental and
simulated images (Figure 3), which do not take CO-tip
relaxations into account.

Our findings, obtained on ultrathin insulating films and
using the current as signal, also qualitatively explain the
distance dependence of orbital imaging by dI/dV mapping on
metals using CO tips.”” Based on the feature that the mixing
ratio of s- and p-wave tip states in the simulations does not
depend on the tip—sample distance, our proposed method for
simulating STM images should be well applicable also to
nonplanar molecules.

CONCLUSIONS

In conclusion, we investigated the distance- and voltage-
dependent contrast of CO-tip STM images at molecular ion
resonances. We observe a crossover from p-wave tip contrast
(tip “close”) to s-wave tip contrast (tip “far”) upon increasing
the tip—sample distance, and only minor contrast variation as a
function of the voltage. AFM allowed calibration of the
absolute tip—sample distances in experiment, used to define tip
heights in simulated STM images. Good agreement between
experiment and theory is obtained within a conventional
Bardeen approach using a fixed ratio of s- to p-wave tip states,
which inherently reproduces the contrast evolution as a
function of tip height. We find that the distance-dependent
change of contrast is due to different decay lengths for
tunneling between s- and p-wave-like centers. Our results
clarify the resulting image contrast in CO-tip STM of frontier
molecular states, which facilitates the comparison of
experimental results to ab initio calculations.

METHODS

STM and AFM Experiments. STM measurements were
performed in a home-built combined STM/AFM setup®>’* using a
qPlus sensor,” operated at a temperature of 5 K and a base pressure
below 1 X 107'° mbar. The Cu(111) single crystal surface was
prepared by repeated cycles of sputtering with Ne ions and annealing
to 770 K. NaCl was evaporated onto the crystal surface with the
sample held at 280—290 K, resulting in partial coverage with (100)-
terminated bilayer NaCl islands. Pentacene and naphthalocyanine
molecules were sublimed onto the cold (T < 14 K) sample surface. All
data were recorded on molecules adsorbed on bilayer NaCl islands.
The bias voltage V was applied to the sample with respect to the tip.
The PtIr tip was covered with copper by repeated indentation into the
sample surface and functionalized by picking up a CO molecule from
NaCL*>*!

The AFM was operated in the frequency-modulation mode”® with
the oscillation amplitude kept constant at 0.5 A. AFM frequency shift
versus distance spectroscopy, performed in conjunction with the STM
measurements, allowed us to calibrate the tip height z- and guantify
the atomic tip—sample distances of the STM measurements,”>> see
Figure S1 for more details.

DFT Calculations. The molecular states of pentacene in gas phase
(Figure 2a and Figures S3a and S6a) were calculated by means of
density functional theory (DFT) using the Psi4 code,”” utilizing the
B3LYP hybrid functional”® and the 6-31G basis set.

To accurately model the molecular states of surface-adsorbed
pentacene to simulate the STM images (Figure 3b and Figures S8,
S9b, and S10), we place pentacene on a slab of two layers of
NaCl (7 X 7 unit cells), respectively. The atomic positions of the
bottom layer are fixed. Pentacene is placed with its center positioned
above a Cl atom and its carbon backbone pointing along a Cl row.*”’
Naphthalocyanine (Figure 4c and Figure S12) is placed with its center
positioned above a Cl atom”” and its naphthalene units pointing along
the [001] and [010] directions of two layers of NaCl (10 X 10 unit
cells).

The geometries have been optimized using the CP2K 9.1 code,*’
which utilizes the Gaussian Plane Wave method,®" as implemented in
AiiDAlab.*> The calculations were performed with the PBE
functional,*® including the DFT-D3 van-der-Waals correction®* and
the TZV2P-MOLOPT-GTH basis set.

To estimate the O—C and C—Cu bond lengths in a CO-
functionalized Cu tip, a calculation of CO attached to two Cu atoms
was performed (CP2K 9.1, PBE-D3, TZV2P-MOLOPT-GTH).>
The resulting bond lengths are 1.15 A (O—C) and 1.83 A (C—Cu),
leading to a total distance of 2.98 A between the foremost Cu-tip
atom and O. This agrees well with a measurement of the Cu—O
distance of CO adsorbed on a Cu(100) surface, which was reported
to be 3.05 + 0.14 A.*

Simulation of STM Images. For the simulations we employed
Bardeen’s tunneling theory,”** in which the elastic tunneling current
I a IMI* depends on the tunneling matrix element

Mv/t,-fv/mz = //s (V’an‘/’moz - szv%p)ds

Here, all constant prefactors were set to unity. The tip wave functions
l//tip(_i") were modeled using the solutions of the vacuum Schrédinger

equation —Ay, /. (F) = EWs/px/pyG)’ where s, p, and p, denote the

solutions of s- and p-like character:*”>*

- 1 —Ar
=C—
Ws(r) S/’{f\/4_77,'e
. V3 (1 1 \x
%P = G\ ¥ 2 )y
. V3 (1 LYy
W) = S\ )

Here, r = I - 7| is the distance to the origin 7, of the tip’s wave
function, x and y are the two Cartesian vector components of 7 - 7, in
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the surface plane and C; are normalization constants. We set C; = 1 for
simplicity. It has been shown that the s-like tip states in a CO tip are
well described by a superposition of s- and p,-like wave functions that
are centered at the oxygen atom of the CO.*™ If tilting of the CO can
be neglected, which is the case at our measurement parameters, both
s- and p,-wave tip states exhibit a radially symmetric intensity
distribution in the x-y-plane. We therefore approximate the s-wave tip
states by a single s-wave state y;. Note that qualitatively similar results
compared to those discussed in this work can be obtained by
modeling the tip using atomic (hydrogen) wave functions.

To calculate the symmetry-dependent decay of the tunneling
current (Figure 2f) we used v, (lllpx) for both yy, and y,, in M,
(M,_,), and 2 = 1.0 A",

To simulate the STM images of the NIR of pentacene (Figures 3b,
S8, S9b and S10) and naphthalocyanine (Figures 4c and S12) we used
the molecule- and resonance-specific decay constants
Apentacene = 1.02 A™! and Anaphthale = 1.19 A7! for the tip wave
functions, respectively. The values were chosen identical to the
measured tunneling decay constants at the NIR of pentacene (+1.35
V, Figure 2¢) and naphthalocyanine (+0.6 V) by recording I(z¢) with
a CO tip placed above a local s-like site, because A is expected to
depend on the tunneling barrier height and therefore on the applied
voltage: A smaller voltage of the resonance relates to a larger
tunneling barrier for the elastic tunneling path between tip and
molecule, which implies a faster decay and hence a larger A. This is in
line with the larger A observed for electron attachment to
naphthalocyanine at +0.6 V compared to that to pentacene at +1.35
V. The usage of a voltage-dependent A thus accounts for the specific
tunneling barrier height, which is not captured by considering only
the elastic tunneling matrix element My, o1

For the sample wave function y,,, we used the LUMO and
HOMO orbitals as obtained from DFT. While the molecular plane
was fixed at a height of z = 0, the centers of the tip wave functions
were placed to 7, = (xy, ¥ 2o) above the molecule, which simulates
the position of the foremost tip atom (Cu for the Cu tip, O for the
CO tip).** The tunneling current was then calculated as

P+ 1M

- 2
1 = w M,
("0) V‘él Vi~ Viuol z;/py—x;/mull )

2
vy, | wp(IM,
with relative contributions w, and w,. Note that the p-wave

»
contribution is a superposition of M, _, ~and M, _, . which

accounts for the two degenerate p-wave 27* states of CO.>® Bardeen’s
integral is evaluated on a plane S at (x, y, z = zp/2). A metal (s-wave)
tip is simulated using w, = 1 and w, = 0, p-wave tunneling is
characterized by w, = 0 and w,, = 1. For a mixed s/p-wave CO tip we
used fixed contributions w, = 2.5 and w, = 1.0 (ratio 2.5/1) to
simulate the CO-tip measurements on pentacene (Figures 3b, S8e and
S9b) and naphthalocyanine (Figures 4c and S12). We emphasize that
the ratio w,/w, is solely determined to best fit the data and depends
on the chosen values of the wave function prefactors C; (here set to 1
for simplicity)*” and decay constant A. This, however, does not affect
the crucial observation that a fixed ratio of w,/w, reproduces the
experiments well for different tip—sample distances, although the
same decay constant A is used in s- and p-wave wave functions.

Note that vacuum tip wave functions exhibit an increasing full
width at half-maximum in the xy-plane with growing distance (in z-
direction) from their center. The distance-dependent broadening of
orbital-density features, i.e., the decrease of the lateral resolution with
larger tip—s_amg)le distances, is thus inherently included in our
calculations.®*® Accordingly, no additional broadening of the STM
images has been applied.

It is worth noting that Bardeen’s tunneling theory only holds if the
wave functions of sample and tip do not overlap strongly, i.e., only for
sufficiently large tip—sample distances.”> On the other hand,
localized-basis DFT calculations exhibit Jpoor wave function accuracy
far away from the molecule’s nuclei.***® In addition, the description
of the tip using vacuum wave functions neglects microscopic details of
the metallic tip apex. We furthermore neglect interference effects
between different tip orbitals.*”®” Nevertheless, we emphasize that
our simulations provide excellent agreement between experimental

data and calculated constant-height STM images over roughly four
orders of magnitude of the tunneling current, covering typical tip—
sample distances of experiments.
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