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1. Introduction

Over the past decade, combined scanning tunnelling (STM) 
and atomic force microscopy (AFM) has become increasingly 
popular as a tool to study molecules on surfaces. STM often 
provides insight into the energy-resolved electronic structure 
of the adsorbate [1]. Through Pauli repulsion, AFM tends to 
be more sensitive to the total electron density, which is linked 
to the molecular structure [2–5]. In detail, however, image 
interpretation remains a difficult task [6, 7]. The positions of 
the atoms of the tip and the molecule may be affected by their 
mutual interactions to varying degrees [8–11]. In addition, 

electrostatic forces have to be taken into account, which in 
turn depend on the largely unknown dipole moment of the 
tip [12–16]. Accurately treating dispersion interactions adds 
another degree of complication [17, 18].

Given this state of affairs, it is useful to investigate adsorbed 
molecules that are simple enough to enable a theoretical treat-
ment and disentangle the relevant forces. Phthalocyanines 
appear suitable for this purpose. Through variation of the 
metal ion at their center, the bonding to the substrate and the 
intramolecular charge transfer can be tuned [19]. In the case 
of Sn-phthalocyanine on Ag(1 1 1), the presence of two dis-
tinct adsorption geometries with the Sn ion above (Sn-up) or 
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Abstract
Single Sn-phthalocyanine (SnPc) molecules adsorb on Cu(1 0 0) with the Sn ion above  
(Sn-up) or below (Sn-down) the molecular plane. Here we use a combination of atomic force 
microscopy (AFM), scanning tunnelling microscopy (STM) and first principles calculations 
to understand the adsorption configuration and origin of observed contrast of molecules in the 
Sn-down state. AFM with metallic tips images the pyrrole nitrogen atoms in these molecules 
as attractive features while STM reveals a chirality of the electronic structure of the molecules 
close to the Fermi level EF, which is not observed in AFM. Using density functional theory 
calculations, the origin of the submolecular contrast is analysed and, while the electrostatic 
forces turn out to be negligible, the van der Waals interaction between the phenyl rings of 
SnPc and the substrate deform the molecule, push the pyrrole nitrogen atoms away from 
the substrate and thus induce the observed submolecular contrast. Simulated STM images 
reproduce the chirality of the electronic structure near EF.
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below (Sn-down) the plane of the macrocycle adds an addi-
tional twist [20–24]. Here, we focus on SnPc molecules in the 
Sn-down state on the more reactive Cu(1 0 0) substrate and 
using combined STM/AFM we observed submolecular con-
trast. Density functional theory (DFT) calculations are used 
to analyse its origin and show that the influence of electro-
static forces is negligible here. Rather, the strong interaction 
between the phenyl rings of SnPc with the surface deforms the 
molecule. As a result, the pyrrole nitrogen atoms are pushed 
above the molecular plane, which then leads to the observed 
submolecular contrast.

2. Methods

The measurements were performed with a combined scan-
ning tunnelling and atomic force microscope in ultra-high 
vacuum at a temperature of 5 K [25]. Non-contact frequency- 
modulation mode was utilised for AFM measurements with a 
Q-plus sensor [26]. The free prong of the quartz tuning fork 
oscillated with an amplitude of  ∼1 Å at its resonance fre-
quency of  ∼23 kHz. An etched W tip was attached to the free 
prong in order to measure the tunnelling current I averaged 
over the range of the tip oscillation simultaneously with the 
frequency shift ∆f  of the tuning fork. The voltage was applied 
to the sample.

Cu(1 0 0) surfaces were prepared by sputtering and 
annealing cycles. Sn-phthalocyanine molecules (Santa Cruz 
biotechnology) were sublimated from a molybdenum crucible 
onto the Cu(1 0 0) with sub-monolayer coverage. The sub-
strate was kept at 20 °C during deposition. W tips were cov-
ered with Cu by repeatedly indenting them into the substrate 
until submolecular resolution in constant current STM mode 
was achieved.

All first principles calculations were performed using the 
periodic plane-wave basis code VASP [27, 28] implementing 
the spin-polarised density functional theory (DFT). To accu-
rately include van der Waals interaction in this system we 
used the optB86B  +  vdW–DF functional [29–31], selected 
based on previous work showing that it provides a sufficiently 

accurate description for all subsystems involved in the meas-
urement. Projected augmented wave (PAW) potentials were 
used to describe the core electrons [32], with a kinetic energy 
cutoff of 280 eV (with PREC  =  accurate). Systematic k-point 
convergence was checked for all systems, with sampling 
chosen according to system size and the Γ point being used 
for the final production run. This approach converged the total 
energy of all the systems to the order of meV. The proper-
ties of the bulk and surface of Cu and the isolated molecular 
structure were carefully checked within this methodology, 
and excellent agreement was achieved with experiments.  
A Bader charge analysis was used to estimate charge transfer 
in the simulations [33]. Simulated STM images were gener-
ated using the HIVE-STM code [34].

3. Results and discussion

3.1. Adsorption of SnPc on Cu(1 0 0)

A constant current STM image of the surface is shown in 
figure  1(a). At the given coverage of  ≈0.1 ML we observe 
single molecules adsorbed on the bare Cu substrate in 
agreement with previous results for other metal phthalocya-
nine molecules on Cu(1 0 0) [35, 36] and SnPc adsorbed on 
Ag(1 1 1) [20, 21]. Owing to the fact that the Sn atom in the 
center cavity is too large to fit into it, the otherwise planar 
phthalocyanine organic framework exhibits a shuttle-cock 
shape [37, 38]. This gives rise to two conformations with the 
Sn atom either pointing away from (Sn-up, dashed circle in 
figure 1(a)) or towards (Sn-down, solid circle in figure 1(a)) 
the surface. Owing to a height difference in between the 
two configurations, Sn-up appears higher than Sn-down by   
≈0.5 Å5. We observed two different molecular orientations, 
which are rotated by  ≈50◦ with respect to each other as indi-
cated by solid lines in figure 1(a). Similar adsorption geome-
tries were found for metal phthalocyanines on Ag(1 0 0) [39, 40]  
and Cu(1 0 0) [35, 41] surfaces.

A top-view of the calculated geometry of Sn-down on the 
Cu(1 0 0) surface is shown in figure  1(b). Examples of pyr-
role (Np) and azopyrrole (Na) nitrogen atoms are indicated 
by arrows. The calculated angle of the molecular lobes with 
respect to the [1 1 0] direction of the substrate is  ±27◦, in 
good agreement with the experimentally observed orienta-
tions. Our calculations yield an adsorption energy of 6.3 eV 
for Sn-down molecules with the Sn adsorbed at a hollow site 
of the Cu mesh. This energy is a little larger than for Sn-down 
on Ag(1 1 1), where 5.98 eV and 5.28 eV were obtained with 
cluster and periodic DFT calculations including dispersion 
interactions, respectively [38]. Compared to the hollow site, 
adsorption to top positions of Cu(1 0 0) is unstable, and the 
molecule always relaxes to back to the hollow site. We find 
that the electron density is decreased between the Sn atom 
and the surface, whereas an increase occurs underneath the 
molecular π orbitals (see discussion of figure 3(c) below). We 
therefore conclude that the π orbitals contribute significantly 
to the adsorption on Cu(1 0 0) in addition to the binding of 

Figure 1. (a) Constant-current STM image of SnPc molecules 
adsorbed on Cu(1 0 0) ((15 nm)2, V = 1 V; I = 20 pA). Sn-down 
(solid circle) and Sn-up (dashed circle) configurations are readily 
distinguished by the different apparent height of the molecular 
center. Two orientations of the molecular lobes (solid lines) are 
observed. (b) Top-view of a Sn-down molecule on Cu(1 0 0) 
calculated by DFT. Examples of nitrogen atoms in the pyrrole (Np) 
and azopyrrole (Na) positions are indicated by arrows.

5 The apparent height difference varied with the applied sample voltage V .
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the Sn to the surface. This is different from the adsorption 
of Sn-down on Ag(1 1 1) which binds mostly through a cova-
lent bond of the Sn atom to the substrate [38]. The strength of 
the molecular binding with the Cu surface follows the general 
trend of significantly increased reactivity of Cu compared to 
other coinage surfaces, i.e. the (1 1 0), (1 0 0), and (1 1 1) sur-
faces of Cu, Ag, and Au [42].

3.2. Interaction between the tip and the molecule

The interaction between a Sn-down molecule and the tip was 
characterised by means of constant-height frequency-shift 
(∆f ) maps (figure 2). Current feedback was disabled at a set-
point V = −200 mV and I = 20 pA and subsequently the tip 
was brought closer to the surface by the offsets indicated in 
panels (a) to (c). At large distance (figure 2(a)) the Sn-down 
molecule gives rise to a more negative ∆f  around the molec-
ular center. This is due to van der Waals interaction and does 
not yield submolecular information. When the tip is brought 
closer by 60 pm (figure 2(c)), distinct areas of most negative 
∆f  are observed above the Np atoms. Within a lateral distance 
of only 4 Å, ∆f  changes from −15 Hz to −18 Hz and back. 
An overlay of the calculated molecular structure in figure 2(d) 
highlights the agreement of the Np atom positions with the 
described features. ∆f  differs by  ≈3 Hz between Np and Na 
indicating that the N atoms are not equivalent regarding the 
interaction with a metallic tip. We note that the slight asym-
metry in all the images stems from a small tilt of the plane 
of tip motion with respect to the molecular plane. Constant-
height ∆f  maps taken on molecules in the Sn-up state are 
dominated by the protruding Sn atom and do not show sub-
molecular contrast.

All images in figure  2 were taken in a regime where a 
reduction of the tip-molecule distance leads to a more nega-
tive ∆f , i.e. Pauli repulsion does not play a dominant role 
in the image contrast. This is different from previous works, 
which showed submolecular resolution close to the onset of 
Pauli repulsion, where ∆f  is most negative [2, 43]. Recently 
it was shown that the oxygen atoms in mercaptobenzoic acid 
molecule can be resolved in AFM images using a metallic 
tip in the attractive interaction regime [44]. In that case, 
electrostatic and, in particular, covalent contributions to the 
force were invoked along with relaxations of oxygen atoms 
towards the tip.

3.3. Discussion of the AFM contrast

Below, possible reasons of the submolecular contrast in the 
AFM images are discussed. Metallic tips have a permanent 
dipole moment pointing towards the surface [13, 45–47]. 
For a tetrahedral model tip consisting of 10 Cu-atoms on a 
copper slab we calculate a dipole moment of −2.6 D, in good 
agreement to previous results [12, 14, 45, 46]. Through this 
dipole, the tip should be sensitive to charge imbalances within 
the SnPc molecule. However, a Bader charge analysis [33] 
(figure 3(a)) shows that both Np and Na atoms are charged 
with  ≈−1.1 electrons each. Therefore, the tip dipole cannot 
explain a contrast that is only observed at Np.

The net charge transfer from the surface to the mol-
ecule is roughly 1.8 electrons. An analysis of the electron 
density difference is shown in figure  3(b) revealing an 
electron transfer from the Sn to the four nearest Cu atoms 
around the hollow position. This indicates the formation 
of a polar covalent bond between Sn and the surface, as 
also suggested for Sn-down on Ag(1 1 1) [38]. In addi-
tion we find an increased electron density in the π orbitals 
nearest to the surface, which is not present on Ag(1 1 1). 
This shows that the π orbitals play an important role in the 
electron transfer here and not only the bond between the 
Sn atom and the surface as it was observed for Sn-down on 
Ag(1 1 1) [14, 38]

Figure 3(c) depicts a side-view of calculated adsorption 
geometry. We find that the Np atoms are further away from 
the molecular plane (defined by the benzene rings) by  ∼35 
pm compared to Na atoms, which lie within the molecular 
plane. The reason for this is that although the Sn-Np bonds 
favour a flatter configuration in the isolated molecule [38], 
the bond formation with the surface pulls the molecule closer 
to it. Therefore, the Np atoms are forced to move up to keep 
a suitable distance to the Sn. The protrusion of Np atoms is 
thereby caused by the Sn atom below the molecular plane. 
Thus, we expect this deformation not to be present in the 
Sn-up state. The distance between the top Cu layer and the 
molecular plane and is  ∼2.3 Å and just 1.9 Å for the Sn atom, 
which is both smaller than for SnPc on Ag(1 1 1) [14, 48, 49] 
or various transition metal Pc molecules on Ag(1 0 0) [40]. 
We ascribe the increased binding manifesting in the electron 
transfer to the π orbitals, the lower adsorption distance as 
well as the displacement of Np to the stronger reactivity of 
the Cu(1 0 0) surface.

Figure 2. Constant-height frequency-shift images of Sn-down 
(2 nm)2. The tip oscillation amplitude was 1 Å for all images. 
∆z = 0 pm corresponds to the tip-molecule distance defined by 
current feedback parameters V = −200 mV and I = 20 pA over the 
molecular center. From this distance, the tip was brought closer to 
the surface by ∆z  as indicated in the images. (d) The image of (c) 
with the molecular structure overlaid. Most negative frequency shift 
is observed at Np atoms.
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As AFM with metallic tips is sensitive to the electron den-
sity, an increased attractive force is expected above the pro-
truding Np atoms at a fixed distance of the tip with respect 
the molecular plane. This corresponds to a more negative ∆f . 
Figure 3(d) shows the measured frequency shift versus dis-
tance ∆f (z) recorded above a Np atom. At ∆f = −15 Hz, the 
tip-molecule distance at which the images in figure  2 were 
acquired, the slope of ∆f (z) is  ≈7 pm

Hz
6. Using this slope a 

height difference of 18 to 48 pm is estimated from the ∆f  
difference (for different tips) between the molecular plane and 
the Np positions. This range matches the calculated height dif-
ference of 35 pm. We therefore suggest that the distinct fea-
tures in figure 2(c) are mainly caused by the protruding Np 
atoms. Relaxations of the tip and the Np atoms are expected 
to be small because the AFM images were acquired at large 
tip-sample distances.

3.4. Chirality of the electronic structure

For a discussion of the electronic structure close to the Fermi 
energy, figures 4(a) and (b) show constant-current and con-
stant-height STM images. While the AFM image (figure 2(c)) 
shows contrast at Np atoms, no such effect is discernible in the 
STM data. Rather, a chirality of the four lobes of the Sn-down 
molecule is observed. This chirality is particularly obvious in 
the constant-height data (figure 4(b)).

While SnPc is achiral in gas phase [19], a handedness was 
observed for adsorbed Pc molecules on Ag(1 0 0) [39, 40] and 
Cu(1 0 0) [35, 50]. The chirality was characterised as being 
due to an asymmetric charge transfer between the molecule 
and the substrate, that involves hardly any distortion of the 
molecular structure [39]. This interpretation is consistent with 
our data, namely achiral AFM maps and chiral STM images. 
In addition, calculated contour plots of the electron density 
near the Fermi level (figures 4(c) and (d)) clearly show a chi-
rality of the molecular lobes. When states at larger energies are 
included (V � 0.5 V or V � −0.2 V) the chirality is absent.

4. Conclusion

Sn-phthalocyanine molecules adsorbed on Cu(1 0 0) were 
investigated with scanning tunnelling and atomic force 
microscopy. Submolecularly resolved AFM images recorded 
with metal tips exhibit distinct attractive features at pyrrole 
nitrogen atoms. Density functional theory results show that 
electrostatic forces are negligible. Rather, the strong interac-
tion between the phenyl rings of SnPc and the Cu substrate 
deforms the molecule and causes the Np atoms to protrude by 
35 pm over the molecular plane. STM images reveal chirality 
of the molecular lobes in agreement with our DFT calcul-
ations. Our work shows that combined scanning tunnelling and 
atomic force microscopy can be used to distinguish between 
structural and electronic effects within a single molecule.

Figure 3. (a) Calculated net charges ascribed to the individual 
atoms of the molecule. Positive and negative charges are plotted in 
red and blue, respectively. (b) Charge difference plot for Sn-down 
on Cu(1 0 0) (side view) with red and blue showing a decreased 
and increased electron density, respectively. (c) Side-view of 
the calculated Sn-down configuration. Np atoms (arrow) are 
further away from the top Cu layer by  ∼35 pm compared to the 
molecular plane. Mean distance ∆d between the top Cu layer and 
the molecular plane is  ∼2.3 Å. (d) Exemplary frequency shift ∆f  
versus tip displacement ∆z  curve recorded over Np. The slope at 
−15 Hz is  ∼7 pm

Hz  (red line).

Figure 4. (a) Constant-current and (b) constant-height STM images 
of a Sn-down molecule (V = 200 mV, (2.2 nm)2) exhibit chiral 
motifs. Current contours calculated for (c) V = 100 mV and  
(c) V = −100 mV reproduce the chirality.

6 For different tips, this value varies from 6–16 pm
Hz at the relevant ∆f  range, 

presumably due to the influence of long-range forces.
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