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Abstract

®

CrossMark

In this contribution, we compare the optical absorbance behaviour and the structural properties
of lead(Il)-phthalocyanine (PbPc) and tin(II)-phthalocyanine (SnPc) thin films. To this end, we
employ a Ag(111) substrate terminated with a monolayer of 3,4,9,10-perylene tetracarboxylic
dianhydride constituting an internal interface whose main effect is an electronic decoupling

of the phthalocyanine adlayer from the metal surface. As deduced from low-energy electron
diffraction and scanning tunnelling microscopy (STM) measurements, the epitaxial relations
and unit cell compositions of the prevailing PbPc monolayer and multilayer domains are
confusingly similar to those of SnPc on PTCDA/Ag(11 1). However, SnPc and PbPc can be
readily distinguished by their STM-induced switching behaviours: while the former is capable
of reversible configurational changes, no effect on the latter could be achieved by us under
comparable conditions. This corroborates earlier theoretical predictions and even renders the
chemical identification of individual shuttlecock-shaped metal-phthalocyanines feasible.

Keywords: reversible single-molecule switch, organic-organic heteroepitaxy,

differential reflectance spectroscopy (DRS)
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1. Introduction

Switchable molecules controlled through external stimuli have
attracted considerable attention, motivated amongst others by
potential applications in molecular electronics [1-6]. Single
molecule selectivity is often achieved by means of a scanning
tunnelling microscope (STM) probing individual molecules
adsorbed on a conductive surface, where the switching pro-
cess can be triggered via resonant electron or hole tunnelling
[7-12] or via the force exerted by a functionalized STM tip

1361-648X/19/134004+10$33.00

[13]. Such investigations are therefore also appealing from the
point of view of surface scientists, as they may help under-
stand the adsorbate—substrate interaction and the electronic
structure at interfaces on the nanoscale. While the switching
between different electronic and/or structural configurations
is an intriguing phenomenon as such, its capability to distin-
guish chemically similar molecules has hardly been explored
so far.

In this contribution, we compare lead(Il)-phthalocyanine
(PbPc) and tin(Il)-phthalocyanine (SnPc), both grown on top
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of a monolayer (ML) of 3,4,9,10-perylene tetracarboxylic
dianhydride (PTCDA), thereby forming an organic internal
interface. These metal-phthalocyanines (MPcs) are not entirely
planar insofar as the central metal atom protrudes from the
phthalocyanine ligand, which is why their shapes are often
described as shuttlecocks [14]. Hence, for flat-lying mole-
cules on a surface there are two principally feasible adsorption
configurations characterized by the metal atom either pointing
away from (‘up’) or towards the surface (‘down’), giving rise
to a binary character [14-20] and the general possibility to
switch between up and down.

In a broader sense, the term ‘switching’ is also employed
in the literature for STM-based manipulations of the in-plane
orientation of individual molecules in the absence of up <
down transitions [21-24]. Here we focus on MPcs embedded
in densely packed layers in order to reduce the translational
and rotational degrees of freedom of individual molecules.
Thus, we expect that up < down switching events are trig-
gered by our external stimulation instead of modified adsorp-
tion sites. Furthermore, STM-induced chemical reactions,
such as tautomerization [25], hydrogenation [26], metalation
[27], demetalation [28], and bond formation with adatoms
[29] have been observed in the literature, but are beyond the
scope of this study. For an overview on this topic the reader is
referred to the literature [14].

It is well known that metal surfaces can severely influ-
ence the switching behaviour of adsorbed molecules. For
instance, it was shown for SnPc on Ag(111) that an STM
is capable of reversibly switching between the up and down
configurations for molecules in the second layer, whereas
SnPc molecules in direct contact with this metal substrate
could only be switched irreversibly from Sn-up to Sn-down
[7]. For first-layer SnPc molecules on Cu(l11), however,
electrically driven switching was not achieved at all owing
to a much higher energy barrier [13]. Since we aim at com-
paring PbPc and SnPc, whose switching behaviours may
be differently influenced by a given metal surface, we use
a (111)-oriented silver single crystal passivated by a ML of
PTCDA, thereby employing an internal interface that decou-
ples the first MPc layer from the metal surface. In fact, the
physisorbed MPc molecules essentially behave electronically
like isolated monomers as evidenced by means of optical
differential reflectance spectroscopy (DRS) and photoelec-
tron spectroscopy (PES) [30-33]. Consequently, we obtain
an unobstructed access to the intrinsic switching properties
of PbPc and SnPc with a largely preserved single-molecule
character even in laterally densely packed MLs, owing to the
diminutive lateral interaction of the MPcs.

These considerations enable us to compare our experi-
ments to earlier investigations using density functional theory
(DFT) which were carried out for isolated MPc molecules
[34]. Confirming these theoretical predictions, we find that
the switching behaviours of SnPc and PbPc differ strongly:
SnPc undergoes up (u) — down (d) switching in the STM at
bias voltages of V,_4 < —1.6V and down — up switching
at Vg > +2.1V, respectively. Thereby, the adsorption
configuration of individual SnPc molecules can be control-
lably reversed. For PbPc, on the other hand, all our attempts

to switch the molecules in either direction failed for bias
voltages between —3.1 and +3.1 V. While the optical prop-
erties of SnPc and PbPc discussed hereafter only differ to a
minor extent and the unit cell parameters of the most densely
packed ML structures even turn out to be identical within the
experimental accuracy, the chemical discrimination is readily
achieved by means of STM via their qualitatively distinct
switching behaviour.

2. Methods

Ag(111) single crystals were purchased from MaTecK.
PTCDA (C,4HgOg, CAS registry No. 128-69-8) was obtained
from Sigma-Aldrich with a nominal purity of 97%. SnPc
(C3H¢NgSn, CAS registry No. 15304-57-1) was provided
by Achim Schéll and Christoph Sauer, Universitit Wiirzburg.
PbPc (C3,H¢NgPb, CAS registry No. 15187-16-3) was sup-
plied by Toshiaki Munakata and Takashi Yamada, Osaka
University. Prior to usage, the raw materials were purified
using temperature gradient sublimation [35].

The optical absorbance of SnPc and PbPc dissolved in ben-
zene (obtained from Roth, purity > 99.5%) was measured ex
situ with a Varian Cary 5000 UV-vis spectrophotometer.

Sample preparation and thin film deposition were carried
out in ultrahigh vacuum (UHYV, base pressure 10~'9 mbar).
The silver surfaces were repeatedly sputtered with Ar' ions
(1-3 pA cm 2, 700eV, £45°, 30 min) and annealed (700K) in
order to obtain large, atomically flat terraces. Molecular films
were grown using organic molecular beam epitaxy (OMBE).
The purified powders were kept in effusion cells inside the
UHYV chamber, where they were thoroughly degassed for sev-
eral hours before the deposition experiments.

The PTCDA ML was obtained by growing a multilayer
film on Ag(111) at Thy = 300K and then thermally des-
orbing (at Ta, ~ 550K) all layers except the contact layer. In
fact, the first ML of PTCDA is chemisorbed on this substrate
[36], which explains its remarkable stability and therefore
renders it particularly suitable for the experiments presented
here. PTCDA is known to form only one commensurate ML
structure on Ag(1 1 1) characterized by a surface unit cell con-
taining two molecules with their aromatic planes parallel to
the surface and with their long molecular axes being almost
perpendicular to one another [36, 37].

PbPc and, for comparison, SnPc layers were grown as
published elsewhere [32, 38]. SnPc forms several distinct
superstructures with different areal densities on the PTCDA/
Ag(111) substrate depending on the amount of deposited
phthalocyanine molecules. Therefore, in order to avoid ambi-
guity, the unit used to indicate the nominal phthalocyanine
film thickness is a monolayer equivalent (MLE), where 1
MLE refers to the amount of deposited molecules (instead of
surface coverage) necessary to obtain the most densely packed
first layer on top of the PTCDA/Ag(111) substrate. For con-
sistency, this definition is also employed for PbPc hereafter.

During film growth we applied optical DRS using the setup
detailed elsewhere [39, 40]. In short, this in situ technique
records the signal



J. Phys.: Condens. Matter 31 (2019) 134004

R Forker et al

R(E,d) — R (E,0)
R(E.0)

Here, R(E,0) denotes the reflectance of the substrate, and
R(E.d) is the reflectance of the substrate covered with an
adsorbate of nominal thickness d. The substrate in our case is
1 ML of PTCDA on Ag(111), serving as the reference spec-
trum R(E,0), with its optical properties published previously
[41]. Hence, the adsorbate here is only the MPc film depos-
ited on top. Its dielectric function £ = ¢’ — ie” is extracted
from the raw DRS data (shown in figure S1 (stacks.iop.org/
JPhysCM/31/134004/mmedia) in the supplementary material)
using a Kramers—Kronig consistent numerical algorithm [40].
For the discussion of the absorption of the MPc adlayer we
focus on the imaginary part &’/ of this dielectric function, rather
than the imaginary part of the complex index of refraction.

A commercial low-temperature STM (JT-STM/AFM from
Specs, T~ 1.1 K) was used for real-space imaging of the sam-
ples and also for the switching of MPcs. The samples were
probed with an electrochemically etched and Ar*-sputtered
tungsten tip being part of a KolibriSensor from Specs. The
tunnelling voltage is given as sample bias Vs, meaning that
Vs < 0V refers to the tunnelling of electrons from occupied
levels of the sample into the tip.

While SnPc film structures on PTCDA/Ag(111) have
been examined previously [32, 38], the PbPc films grown in
this work are furthermore structurally characterized using
distortion-corrected low-energy electron diffraction (LEED)
[42, 43]. For that purpose, we utilized a device (BDL80OIR
MCP2 with LaB¢ filament) purchased from OCI Vacuum
Microengineering. The micro-channel plates (MCPs) amplify
the diffracted electron intensities by a factor in the order of
10 which means that the primary electron flux can be reduced
accordingly. In fact, we have never observed indications for
radiation damage even for prolonged exposure of the sam-
ples to the electron beam. During LEED measurements the
samples were cooled down from 300K to approximately 20 K
to enhance the contrast. Geometrical simulations of LEED
patterns were carried out with the help of LEEDLab [44].
This software contains numerical algorithms to identify the
spot positions in the distortion-corrected experimental data,
and then optimizes the unit cell parameters by a least-squares
fitting routine, thereby increasing both the analytic objec-
tivity and the accuracy, as all visible spots enter the fitting
procedure. In the process the numerical error of the fitting
procedure is determined, given here as the standard deviation
(1o interval).

DRS (E,d) =

ey

3. Results

In the first instance we scrutinize the optical and structural
properties of PbPc thin films (in comparison to SnPc) on
PTCDA/Ag(11 1), with emphasis on the ML regime. In doing
so, we elaborate how meaningfully their respective switching
behaviours can be compared, or to what extent the environ-
ments may exert dissimilar influences on those.
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Figure 1. Normalized absorbance spectra recorded at 7= 300 K
for the energetically lowest electronic transitions (Q-and B-bands)
of PbPc and SnPc dissolved in benzene. The positions of the peak
maxima are indicated. The inset shows the skeletal formula of
both MPcs exhibiting C4, symmetry in the ground state [34]. The
four isoindole nitrogen atoms coordinating the central metal atom
(M = Pb, Sn) are highlighted in blue. Selected carbon atoms are
marked in gray following a conventional numbering scheme [46].

3.1. Optical spectroscopy

3.1.1. Solution spectroscopy. The UV-vis spectra of PbPc
and SnPc dissolved in benzene are compared in figure 1. As
expected, they exhibit the well-known optical absorbance
behaviour of typical MPc monomers whose components were
assigned previously [45].

Especially for photon energies below 2.5eV both spectra
are almost identical, the only significant difference being a
spectral shift of ~ 30 meV. Similar shifts of up to ~ 50 meV
depending on the solvent were reported, and in all cases that
have come to our knowledge PbPc systematically absorbs at
lower energies than SnPc [47, 48]. Thus, the Q-band absorp-
tion behaviour might lend itself to discriminate between both
molecular species, provided that the spectral resolution is
sufficient.

More pronounced differences between PbPc and SnPc
arise in the ultraviolet region (B-band, see figure 1) and can
be used to distinguish both molecular species more clearly.
However, owing to the specific optical properties of silver
[49], the spectral region of E > 3.7eV is not well suited for
DRS measurements in this case [40].

3.1.2. Differential reflectance spectroscopy. The & spectra
of PbPc on PTCDA/Ag(111) extracted from the DRS data
(figure S1 in the supplementary material) are shown as solid
lines in figure 2. Because of the clear overall resemblance to
the data of SnPc on PTCDA/Ag(111) published before [38]
we discuss the spectral properties only briefly here.

First, we note that the dppp. = 1.0 MLE curve, albeit some-
what broadened, resembles the absorbance of PbPc in ben-
zene. Thus, the monomeric character of the densely packed
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Figure 2. Imaginary part €” of the dielectric function of PbPc
extracted from the DRS data (figure S1 in the supplementary
material) recorded at 7 = 300 K, where the substrate is 1 ML of
PTCDA on Ag(111). The corresponding spectrum of 1 MLE

of SnPc on the same substrate is depicted to scale for direct
comparison [38]. The monomeric character of the 1 MLE spectra
of both MPcs on the decoupling PTCDA layer is evidenced by their
similarity to the absorbance in solution, shown in the bottom panel
(detailed view from figure 1).

PbPc ML on PTCDA/Ag(111) is essentially preserved, which
means that the electronic as well as the optical coupling (i)
within the PbPc layer and (ii) between PbPc and the under-
lying PTCDA/Ag(111) substrate is rather weak. While PES
measurements of PbPc on PTCDA/Ag(111) have not come
to our attention, we expect the electronic interaction across
the PbPc/PTCDA interface to be rather weak and predomi-
nantly physisorptive based on what is known for similar sys-
tems [30-33]. The dash-dotted curve in figure 2 depicts the
representative £” data for 1.0 MLE of SnPc with a pronounced
peak maximum of the Q-band at 1.71eV. The corresponding
curve for PbPc differs only slightly, and the peak maxima
even coincide to within 5 meV. This contrasts the expecta-
tions drawn from the spectral difference between SnPc and
PbPc monomers of ~30-50 meV observed in different sol-
vents as mentioned above. Therefore, the mere peak position
of the Q-band maximum is not suitable to readily identify the
molecular species in the solid MLs considered here.

Second, from dpyp. = 1 MLE to 2 MLE the ¢” spectra
undergo a rather abrupt transformation resulting in a new
peak at ~1.46¢eV, a feature at the position of the initial Q-band
maximum (1.71eV), and a tail at higher photon energies. This

is again closely related to the SnPc data in the same thick-
ness regime (not shown here) and was attributed to the for-
mation of a phthalocyanine bilayer [38]. The occurrence of
two main absorption peaks for phthalocyanine dimers can
be explained in the framework of an extended dipole model
[50] and by means of time-dependent DFT [48]. In fact, the
SnPc bilayer was shown to consist of a first layer (adjacent to
the PTCDA/Ag(111) substrate) with Sn-up molecules only,
while the second layer (towards the vacuum) exclusively fea-
tures Sn-down molecules [38]. Owing to the striking similari-
ties between both dypc = 2 MLE spectra, it is reasonable to
assume that the SnPc and PbPc bilayer structures are closely
related or even identical, considering the fact that optical
spectra, especially those of phthalocyanines, are rather sensi-
tive to the molecular stacking.

Third, above dppp. =2 MLE the spectral shape for PbPc
multilayers remains fairly unchanged with the exception of
the feature at 1.71eV which apparently diminishes. This dif-
fers somewhat from SnPc in the same thickness regime whose
low-energy peak continuously shifts from 1.46eV down in
energy, reaching a value of 1.37eV at dg,p. = 12 MLE, and
at the same time reducing in width [38]. While the latter
behaviour was attributed to J-type aggregation [51] and a non-
negligible interaction between stacked SnPc bilayers, this
cannot be equally stated for PbPc. Instead, either the interac-
tion between stacked PbPc bilayers is much less pronounced,
or the structural order of PbPc multilayers is inferior to their
SnPc counterparts. The latter explanation would also be con-
sistent with the apparent broadening of the PbPc spectra with
increasing nominal film thickness.

In summary, for dyp. > 2 MLE there are minor spectral
differences between PbPc and SnPc, whereas below this value
the prevalent similarities are worth noting.

3.2. Structural characterization

3.2.1. Low-energy electron diffraction. In order to elucidate
the long-range order and the unit cell parameters of the het-
eroepitaxial films, we performed LEED experiments as a
function of nominal film thickness subsequent to the deposi-
tion, see figures 3 and S2 in the supplementary material.
Except for the PbPc multilayers, all LEED images contain
spots belonging to the PTCDA wetting layer on Ag(111). If
the surface unit cell of Ag(1 1 1) is described by two basis vec-
tors with a length of 2.889 A [52] and a unit cell angle of
120°, then the epitaxy matrix of the commensurate PTCDA

35
ML is (_ 6 1 [37]. The corresponding reciprocal lattice

is depicted in red in figure 3(a). The PTCDA spots maintained
their positions irrespective of the PbPc coverage, meaning
that the PTCDA/Ag(111) structure did not change laterally
upon PbPc deposition. We note that in similar experiments
using copper(Il)-phthalocyanine (CuPc, CAS registry No.
147-14-8) the vertical bonding distance between PTCDA
and Ag(111) did change slightly upon CuPc deposition [33].
However, there the lateral PTCDA/Ag(111) unit cell also
remained constant with CuPc adlayers of increasing coverage.
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Figure 3. Distortion-corrected LEED images (E = 23.5¢V,

T = 20K) of PbPc deposited on 1 ML of PTCDA on Ag(111) for
(a) dpppec ~ 1.1 MLE and (b) dppp. =~ 6 MLE. Different segments of
each image are superimposed with geometrical simulations of the
LEED patterns containing the Ag(111) single crystal (white lines),
the PTCDA wetting layer (red), the PbPc ML phase C (blue), and
the PbPc multilayer phase E (green). In all cases the symmetrically
equivalent rotational and mirror domains are taken into account,
thereby explaining all observed spots. Note that (a) contains spots
of phase E which is found from the second PbPc layer onwards.

Therefore, it is likely that also PbPc adsorbates may change
the bonding distance between PTCDA and Ag(111) which
was not measured in our case, though.

We now turn to a quantitative analysis of the PbPc LEED
patterns with the help of LEEDLab. For this purpose, all dis-
cernible spots were automatically located, and the reflexes
attributable to PTCDA/Ag(111) were excluded from the
simulation of the PbPc adlayers. Thereby, we ascertain that if
coincidences between PbPc and PTCDA spots exist, then they
were not introduced by the LEED simulation performed by
us. Table 1 summarizes the structural parameters of all PbPc
phases we observed on the PTCDA/Ag(111) substrate. The
last column of table 1 indicates refined epitaxy matrices. The

matrices were refined by projecting the PbPc lattice points
onto one PTCDA unit cell in real space according to a previ-
ously proposed method [53]. For phases A and C one can find
fully integer matrices within the numerical uncertainty, hence
these phases are commensurate.

Interestingly, the unit cell parameters of the PbPc phases A,
C, and E are indistinguishable (within the experimental uncer-
tainty) from the SnPc phases at similar nominal thicknesses and
sample temperatures reported earlier [32, 38]. It is also impor-
tant to note that the PbPc ML phase C, on which switching
experiments were performed (see section 3.3), is commensurate
[53], which means that there is only a small number of sym-
metrically inequivalent molecules. Consequently, the physical
properties, in particular the switching behaviour of the mole-
cules in one surface unit cell of a commensurate phase, are rep-
resentative for the entire domain due to translational symmetry.

The PbPc phases B and D were found to occur less fre-
quently. The corresponding LEED images and simulations
are presented in figure S2 in the supplementary material.
We assume that such minority phases might be a result of
slightly varying deposition rates or of site-specific conditions
for island formation due to a non-uniform substrate surface,
as imposed by substrate steps or other surface defects. We
emphasize that a pronounced polymorphism is not uncommon
for organic adsorbates, especially for phthalocyanines [14, 16,
54-60]. It is further important to note that for the PbPc phases
B and D no SnPc analogue has been reported to date [32, 38].
Since we aim at a comparison of the switching behaviour of
both MPcs, phase C of PbPc is particularly important and will
thus be characterized in more detail by means of STM in the
next section.

3.2.2. Scanning tunnelling microscopy. The most densely
packed ML structure C as well as the bilayer of PbPc were
further analysed in real space using STM. Figure 4(a) shows a
typical STM scan of ~1.1 MLE of PbPc on PTCDA/Ag(111)
containing a large ML domain (phase C) and a bilayer island
(phase E, as determined from the domain angle #). This
corresponds to the phases observed in the LEED image of
figure 3(a). We emphasize that for dppp. > 1.0 MLE the vast
majority of the PbPc ML was found to adopt phase C. As soon
as bilayer and multilayer domains emerged, their prevailing
structural motif was phase E, see table 1.

A close-up view on the ML domain reveals the molecular
arrangement, see figure 4(b). The surface unit cell highlighted
in blue comprises six PbPc molecules, four of which are
Pb-up and the other two are Pb-down. The very same packing
motif was observed for 1.0 MLE SnPc on the same PTCDA/
Ag(111) substrate. In fact, both MPc/PTCDA heterostruc-
tures on Ag(111) are indistinguishable within the uncertainty
of our LEED and STM data. This remarkable similarity is
consistent with the almost identical lateral dimensions of
PbPc and SnPc. DFT-calculations for the free molecules yield
a C(2)-C(16) distance (see figure 1 for atom numbering) of
13.048 A for PbPc and 13.067 A for SnPc, which agrees to
within 0.15% [48]. Contrarily, somewhat different vertical
geometries were reported: the distance between the metal



J. Phys.: Condens. Matter 31 (2019) 134004

R Forker et al

Table 1. Structural parameters of PbPc deposited on 1 ML of PTCDA on Ag(11 1) as determined via LEED, see figures 3 and S2 in the
supplementary material. The epitaxy matrices refer to the PTCDA surface unit cell, characterized by the basis vectors s; and s, as well as
the unit cell angle I'prcpa = £ ($2,81) = 89.0°. The basis vectors of the primitive surface unit cell of PbPc are denoted as ¢, and c», the

unit cell angle is ' = Z (¢, ¢1). The domain angle is defined as 6 =

Z (ey,s1). For the epitaxy matrices, given in relation to the PTCDA

reference lattice being itself commensurate to the Ag(111) substrate, the values in parentheses indicate the numerical errors of the last
significant digits as determined by the fitting procedure (scaling error not given here). For the lattice constants ¢; and ¢, the uncertainty of
the absolute scaling is also accounted for. The values of dppp. indicate the nominal thicknesses of PbPc in the analysed LEED images. The
last column indicates refined epitaxy matrices according to a method proposed previously [53], see the text for details.

Phase  dpop/MLE  lic; /A licall/A I/deg 6/deg Epitaxy matrix Refined epitaxy matrix
A 0.5 25.2(3) 19.0(2) 89.0(2) 0.0(1) 2.004( ) 0.001(2)
0.000(4) 1.002(2)
B ~1.0 14.2(1) 15.2(1) 110.0(2) 49.5(1) 0.715(2)  0.569(2) 5/7 4/7),
—1.140(2) 0.281(2) ~8/7 2/1
C 1.1 31.7(5) 41.9(6) 116.6(2) 36.5(1) 2.000(5) 0.998(3)
( 2.996(7) 1.000(4)) ( )
D 1.8 1402)  134)  101.02)  73.8(1) 0291(3)  0.708(2) 57 1217\
—1. 061 0.064(2) —18/17 1/17
E 1.1,1.8,6 13.6(2) 14.0(2) 102.3(2) 50.8(1) 0.668( ) 0.557(2) 2/3 5/9\,,
—1.003(2) 0.335(1) -1 1/3

# Note that the smallest supercell of a higher order commensurate registry would be oriented differently with respect to the substrate than the primitive unit

cell.

1 -2
b Smallest supercell of a higher order commensurate registry: <2 3 ) - <

3 =2

—4 -3
¢ Smallest supercell of a higher order commensurate registry: ( > . (

5/7 4/7 30
—8/7 2/7>:<—2 2>'
5/17
—18/17

12/17 2 -3
1/17) - (3 2)'

d . . 0 -3 2/3 5/9 3 -1
Smallest supercell of a higher order commensurate registry: 3 1) U2 /3 =\ 2

atom and the centre of gravity of the four isoindole nitrogen
atoms combined (blue labels in figure 1) is 1.260 A for PbPc
and 1.133 A for SnPc [34]. This more pronounced shuttlecock
shape of PbPc apparently has little influence on the thin film
structures formed on PTCDA/Ag(111).

We note that this out-of-plane distance of ~1.2 A is almost
as long as a typical C = C bonding distance (~1.4 A [34]) and
therefore quite substantial, especially in the view of the strong
dependence of the tunnelling current on the tip-to-sample
distance. Having in mind the delocalized molecular orbitals
[7, 34], this rather pronounced geometric effect should be pre-
dominant in comparison to possible electronic effects for the
contrast of our STM images. It is thus reasonable to conclude
that the Pb-up (or Sn-up) molecules are imaged with a bright
centre, while Pb-down (or Sn-down) molecules are imaged
with a dark centre. In this regard we follow the prevailing
interpretation of STM images of such shuttlecock-shaped
MPcs in the literature [7-13, 15].

Further, an STM scan of a PbPc bilayer is presented in
figure 4(c). It is characterized by a surface lattice consistent
with phase E in the LEED images in figure 3. Since the orien-
tation of this Ag(11 1) single crystal is known from previous
measurements (the dotted arrow indicates the[1 1 0]-direction)
we can assign figure 4(c) to a PbPc bilayer island adsorbed on
a rotated and mirrored PTCDA domain. The uppermost PbPc
layer contains one Pb-down molecule per surface unit cell.
By comparison with SnPc bilayers on the same substrate [38]

it is likely that also the PbPc bilayer is a stack consisting of
one Pb-up and one Pb-down layer on PTCDA/Ag(111), and
that the optical absorbance behaviour of multilayers is mainly
determined by the interaction within such a bilayer. Hence,
the similarity of the dyipc = 2 MLE spectra discussed in sec-
tion 3.1.2 is aresult of the chemical and structural resemblance
between SnPc and PbPc samples. On closer inspection, the
height profile of the molecules imaged in figure 4(c) appears
not entirely parallel to the surface. However, it is difficult to
extract precise topographic information from such images,
owing to the well-known convolution with the local density of
states present in STM. In a known triclinic bulk crystal phase
of PbPc [61] one can find a crystallographic plane (namely
the (010)-plane) with lattice dimensions similar to those of
phase E. With respect to that particular bulk crystal plane the
molecular frameworks are inclined, which by comparison ren-
ders the possibility of inclined molecules in phase E plausible.
Hence, denoting the adsorbed molecules Pb-up or Pb-down
does not necessarily imply molecular planes being exactly
parallel to the surface.

3.3. Switching in STM

Motivated by previous reports [7—13, 34] we studied the pos-
sibility to switch individual MPc molecules on the decoupling
PTCDA ML, using an electrical stimulus in STM. Since we
are interested in up < down switching events, we focus on
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MPcs embedded in densely packed layers (dyp. = 1.0 MLE)
to reduce the translational and rotational degrees of freedom
of individual molecules. In this section, we examine the con-
ditions necessary to switch individual molecules. For that
purpose, the following procedure was used: (1) scanning a
small area of the sample, (2) placing the STM tip at a selected
position, (3) switching off the feedback loop, (4) sweeping
the voltage, and (5) scanning the same area again with the
feedback loop switched back on. Based on that procedure, we
were able to switch SnPc molecules from up to down and vice
versa.

3.3.1. Sn-up — Sn-down switching. Figure 5 depicts a typi-
cal up — down switching process of a single SnPc molecule in
between two consecutive STM scans. The I-V curves shown
there were recorded by sweeping the tip bias from positive to
negative (forward sweep, black curve) and then back to posi-
tive sample voltage (backward sweep, red curve) as indicated
by the dotted arrows. The disparate curve progression hints at
a modification of the sample during the measurement. Espe-
cially the sudden change of the current in the forward sweep at
about —1.8 V can be interpreted as an up — down switching.
In fact, the much lower current observed after this event is
consistent with a movement of the Sn-ion towards the sub-
strate, bearing in mind that the feedback loop was open dur-
ing I-V measurements and that the tunnelling current depends
strongly on the width of the tunnel barrier. The same area was
imaged with the STM immediately after recording the I-V
curves. The molecule underneath the tip had indeed changed
its configuration from Sn-up to Sn-down, as can be inferred
from the now missing bright protrusion in its centre.

A few peculiarities occurred during the attempts to switch
the molecules. (i) It was not necessary to sweep the volt-
ages—appropriate voltage pulses (typically 50ms at a bias
exceeding the threshold) also led to the desired switching.
(ii) Not all molecules could be switched on the first attempt.
(ii1) Repeated switching attempts may lead to local defect
formation, i.e. inclined and sometimes even expelled SnPc
molecules. It was possible to level out the inclined mole-
cules (thereby ‘repairing’ the defect) by applying appropriate
voltage pulses, or just coincidentally. (iv) The switching of
a molecule was influenced to a certain extent by its environ-
ment, i.e. dependent on the configuration of neighbouring
SnPc molecules. (v) The switching was not always restricted
to a specific molecule: sometimes proxy molecules would
inadvertently switch instead of the targeted molecule, some-
times two molecules would switch at once. Therefore, the
threshold voltages given in this work refer to events where
only the targeted molecule underneath the tip had switched
without defect formation. More details are described in the
supplementary material, figures S3—S5.

In passing we note that Wang ef al used a slightly dif-
ferent approach to switch SnPc in the STM [7]. Instead of
sweeping the voltage (step (4) in our procedure) they recorded
a time trace of the tunnelling current /() at a fixed negative
voltage, and from a sudden drop of the current they inferred

Figure 4. STM images (Vs = +2.1V, Isp = 10 pA, T = 1.1K) of
PbPc deposited on 1 ML of PTCDA on Ag(111). (a) Survey scan
(dpvpec =~ 1.1 MLE) containing the ML phase C and a bilayer island
in the upper right corner. (b) and (c) Close-up views with proposed
structures. Red dashed lines indicate the respective PTCDA unit
cell underneath. Dotted arrows point in the [1 1 0]-direction of

Ag (parallel to 5). (b) Phase C with unit cell vectors of the PbPc
adlayer indicated in blue. The basis consists of six molecules
(visualized by white outlines), four of which are Pb-up featuring

a bright protrusion in the molecular centre, and the other two are
Pb-down. (c) PbPc bilayer exhibiting phase E, only the upper layer
is imaged. All molecules of the upper layer are oriented Pb-down
(visualized by white outlines). The unit cell vectors are indicated in
green.
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Figure 5. (a) and (b) STM images (8 x 8§ nm?, Vs = +1.5V,

Isp =20 pA, T = 1.1K) of SnPc (dsyp. = 1.0 MLE, structure P1

as determined previously [32]) on 1 ML of PTCDA on Ag(111).
After recording frame (a) the tip was placed at the position marked
by the cross, and the I-V curves displayed in (c) were recorded

by sweeping the voltage in the direction indicated by the dotted
arrows. At Vg = —1.8 V the current exhibits a sudden drop in the
forward sweep (black curve), hinting at an up — down switching of
the molecule below the tip via hole attachment. In the subsequently
captured STM image (b) the encircled molecule was found to be
Sn-down, as evidenced by the missing bright protrusion.

that an up — down switching event via hole attachment had
occurred. This procedure is unequivocal for time traces con-
taining a single switching event, because it can be readily veri-
fied by subsequent STM imaging. Wang et al also observed
bidirectional up «<» down switching at positive voltages for
second-layer SnPc, i.e. molecules on top of a SnPc buffer
layer on Ag(111) [7]. There, the rate of these events was
shown to depend rather strongly on the applied bias, and
the corresponding time traces of the tunnelling current evi-
dently contained several switching events in either direction.
However, we refrained from adopting this procedure to our
samples in the view of the peculiarities mentioned above. The
undesired formation of defects and their possible subsequent
‘repair’ as well as the (possibly also bidirectional) switching
of proxy molecules might not be distinguishable from the
switching of the targeted molecule underneath the tip. This is
especially problematic if the /() trace were to exhibit several
abrupt changes, so that the subsequently recorded STM image
would not allow for an unambiguous assignment of each event
in retrospect.

3.3.2. Sn-down — Sn-up switching. We found the condi-
tions necessary to stimulate down — up switching of SnPc
on PTCDA/Ag(111) to be much less reproducible than for
the up — down process. For example, despite successful
up — down switching the preceding I-V curves in most cases
had no systematic feature (see figure S6 in the supplementary
material), in contrast to the prominent kink visible in figure 5.
Instead, they were rather noisy, especially at higher voltages
of Vsl > 2.5V, which we attribute to instabilities of the tun-
nelling junction for strong electric fields. This ultimately
limits the accessible voltage range for the switching, since
instabilities lead to an increased likelihood of local sample
damage (e.g. inclined SnPc) or of sudden changes of the tip
shape (e.g. by picking up SnPc).

Therefore, we can only roughly determine the threshold
for down — up switching to be V4, > +2.1V from the
applied voltage pulses rather than from I-V measurements.
This conservative estimation takes into account the fact that
structure P1 of SnPc (dsype = 1.0 MLE) on PTCDA/Ag(111)
can be imaged for prolonged periods at Vg = +2.1V (see
figure 6) or even at Vg = 42.3V [32] with extraordinary
stability, i.e. without any sign of configurational changes.
In comparison to the up — down switching (with a lower
threshold of V,_4 < —1.6V) we observed the tendency
that down — up switching is characterized by a somewhat
higher energy barrier. Quite often it was even necessary to
apply +2.5 V or higher biases to switch SnPc, which made
the molecules in the tunnelling junction more prone to defect
formation. Nevertheless, we note that different energy bar-
riers for down — up versus up — down switching are rea-
sonable, given that the underlying substrate imposes an
attractive force on the adsorbate and is thus likely to cause an
asymmetry in the switching behaviour of Sn-up and Sn-down
molecules.

Moreover, the position of the tip is an important param-
eter. A tip placed above the molecular centre increased our
up — down switching success rate. This was already reported
for first-layer and second-layer SnPc on Ag(l111) and
explained by a hole attached to the second-to-highest occu-
pied molecular orbital (HOMO-1) which is located mostly
in the proximity of the central metal atom [7]. In contrast,
tips placed slightly off-centre above an isoindole unit made
down — up switching in our experiments more successful.
Again, for second-layer SnPc on Ag(11 1) this was attributed
to an electron transfer into the second-to-lowest unoccupied
molecular orbital (LUMO+-1) which extends further onto the
phthalocyanine ligand [7].

In order to demonstrate the reversibility of the switching
process, figure 6 depicts a sequence of STM scans with delib-
erate switching of individual SnPc molecules.

3.3.3. Comparison of SnPc and PbPc. Our attempts to
switch PbPc molecules in either direction failed for all con-
ditions tested, i.e. at bias voltages between —3.1 and 3.1 V
and a large variety of tip positions. Therefore, the switching
behaviour of SnPc differs substantially from that of PbPc.
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Figure 6. Sequence of STM scans (10 x 10 nm?, Vg = 42.1V, Isp = 10 pA, T = 1.1 K) of SnPc (ds,pc = 1.0 MLE, structure P1 as
determined previously [32]) on 1 ML PTCDA/Ag(111). After images (a)—(d) the voltage was swept from +3.0 to —3.0 V and back with
the tip placed individually above the positions marked by the respective crosses. Between frames (a) and (b) an up — down switching of
the targeted SnPc occurred (the tip had been above the molecular centre). Between frames (b) and (c) a down — up transition of the same
molecule took place (the tip had been above an isoindole unit), thereby demonstrating the reversibility of the switching. After frame (c) the
targeted molecule and, unintentionally, also its nearest neighbour switched from Sn-down to Sn-up. After another down — up switching (d)
the resulting pattern (e) exhibited three more Sn-up molecules than frame (a), which are marked by dashed circles.

In a previous report PbPc molecules on MoS; apparently
changed their configuration upon pulsing (up to £2 V for 1)
as inferred from the dark molecular centres turning bright in
subsequent STM frames [62]. However, those experiments
were carried out in a nitrogen atmosphere, and the configu-
rational changes were not specific to a particular molecule.
Attempts to manipulate individual molecules with the STM
(up to £2 V for 1 ms) were unsuccessful, and biases higher
than £2 V even led to the destruction of the PbPc layers
[62]. Consequently, although STM-induced configurational
changes are not impossible per se, no successful switching of
individual PbPc molecules have been reported yet, to the best
of our knowledge.

In 2010, Baran and Larsson examined shuttlecock-shaped
free MPc molecules by means of DFT calculations in detail
[34]. They concluded that the transition mechanism of the
central metal ion through the phthalocyanine macrocycle is
qualitatively different for SnPc and PbPc (both exhibiting Cay,
symmetry in the ground state): For inversion, SnPc needs to
go through two transition states (also of Cs, symmetry) with
an intermediate local minimum in which the molecule adopts
a planar Dy, form. This is accompanied by a reversible change
of the oxidation state Sn'' — Sn!Y — Sn'! through intersystem
crossing. The energy barrier for this process, i.e. the energetic
difference between ground and transition states, was calcu-
lated as 3.16eV. By contrast, the inversion of PbPc involves
only one transition state of Cy;, symmetry in which the central
cavity is enlarged due to sizable twisting of the isoindole units
on opposite sides. The transition of the Pb ion through the
Pc macrocycle requires to overcome a notably higher energy
barrier of 4.27eV. Changing the oxidation state according to
Pb!! — Pb!Y — Pb!" was found to be energetically even less
favourable than a distortion of the Pc macrocycle, as opposed
to the SnPc case.

Our experiments now support these theoretical predictions,
since all our data suggest a considerably lower energy barrier
for the switching of SnPc as compared to PbPc in identical
environments. Moreover, the voltages of V.4 < —1.6 V nec-
essary to induce up — down switching of SnPc on PTCDA/
Ag(111) are of slightly smaller magnitude than the threshold
of Vyya = —1.9V reported for the up — down switching of

SnPc on the Ag(111) surface [7], meaning that the internal
PTCDA/Ag(111) interface present in our samples causes a
somewhat lowered energy barrier for the switching process.
While Baran and Larsson performed their calculations for free
MPc molecules in vacuum, they argued that the presence of a
surface could decrease the energy barriers considerably [34].
According to them, a further reduction of the energy barrier
for the switching of SnPc would be possible via the interaction
with the STM tip and the charge carriers resonantly tunnel-
ling into (or from) the molecule, since this may change the
oxidation state of Sn and thus facilitate the transition. On the
other hand, given that molecular distortions were found to
be the energetically favoured inversion mechanism for PbPc
[34], we reason that the tunnelling of charge carriers (despite
their potential effect on the Pb oxidation state) does not lower
the energy barriers sufficiently to render the switching observ-
able for biases between —3.1 and +3.1 V. In fact, the van der
Waals interaction of the MPc molecules with the underlying
PTCDA layer are likely to stabilize the phthalocyanine mac-
rocycle and make its distortion (and therefore the inversion of
PbPc) even more improbable.

4. Summary and conclusion

In summary, we characterized the optical and structural prop-
erties of the heteroepitaxial system PbPc on 1 ML of PTCDA
on Ag(111). Apart from the optical absorbance of the PbPc
multilayers the resemblance to SnPc films on the same sub-
strate is remarkable. Metaphorically speaking, PbPc and SnPc
behave like fraternal twins that can hardly be told apart. Yet,
the discrimination between these two MPcs based on their
switching behaviour in the STM is straightforward. While it
was readily possible to induce up — down and down — up
switching for SnPc with comparatively low threshold volt-
ages of Vy_q < —1.6V and V4, > +2.1V, respectively,
we have never achieved the switching of PbPc at bias volt-
ages between —3.1 and +3.1 V. This substantially distinct
behaviour is indicative of a qualitatively different transition
mechanism of the central metal atom (Pb versus Sn) through
the phthalocyanine macrocycle. Our experiments thus support
earlier theoretical predictions made for these molecules [34].
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