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A B S T R A C T   

Phthalocyanines are promising molecules for the development of organic electronic devices, for instance, mo-
lecular heterojunctions in organic solar cells or organic field-effect transistors. For an optimum performance of 
these devices, the molecular ordering on the substrate and the molecular electronic level alignment have been 
shown as crucial factors. In this work, the self-assembled structure and the electronic structure of chlor-
oaluminum phthalocyanines (ClAlPc) on graphene grown on Pt(111) surfaces have been studied by scanning 
tunneling microscopy (STM) under ultrahigh vacuum (UHV) and low-temperature conditions. Graphene grown 
on Pt(111) exhibits multiple moiré patterns with different periodicities, offering a benchmark to investigate the 
influence of the graphene and the moiré patterns in the ClAlPc ordering. This surface allows to extend previous 
works performed on graphite and graphene on Cu(100), where no moiré patterns are found. Well-ordered mo-
lecular islands exhibiting rotational domains have been observed in the submonolayer regime. The orientation of 
individual ClAlPc molecules within the structure unit cell has been characterized pointing out to a Cl-Up 
configuration adopted by the molecules. Our measurements show a correlation between the molecular lattice 
orientation and the graphene directions, whereas no influence of the underlying moiré patterns has been found. 
Finally, the ClAlPc electronic structure has been characterized indicating a weak graphene-molecule interaction.   

1. Introduction 

Phthalocyanines are a type of π-conjugated molecules which are 
promising for future applications in organic electronics [1-6]. One of 
these molecules is the chloroaluminum phthalocyanine (ClAlPc), which 
presents a non-planar structure with an intrinsic electric dipole 
perpendicular to its molecular π-plane [7-9]. ClAlPc has been proposed 
as a candidate for high-density data storage [10,11] and for molecular 
heterojunctions in organic solar cells in combination with the acceptor 
C60, where ClAlPc behaves as the donor [12-14]. In the latter case, it has 
been demonstrated that the molecular electronic level alignment, which 
is strongly influenced by the molecular ordering, crucially determines 
the performance of the device [12,13,15]. Therefore, the characteriza-
tion of the self-assembled structure of ClAlPc and its electronic structure 
is a relevant task since it would allow to choose the appropriate 

supporting substrate for molecules in the development of the devices of 
the incoming technology. 

ClAlPc self-assembled structure has been studied mainly on metallic 
[16-19] and on highly oriented pyrolytic graphite (HOPG) surfaces [10, 
13,19,20]. Similarities between previous studies have been found such 
as the self-assembled lattice symmetry and the individual ClAlPc 
adsorption geometry with the molecular π-plane lying parallel to the 
surface. Nevertheless, differences emerge from the molecule-substrate 
interaction on metal surfaces, where two dipole configurations in the 
as-grown first layer coexist, i.e. the electric dipole can be found pointing 
towards the substrate or towards the vacuum [16,18]. In contrast, on 
HOPG surfaces the first as-grown ClAlPc adlayer exhibits for all mole-
cules the same dipole orientation, pointing towards the substrate. This 
dipolar alignment indicates that HOPG surfaces are appropriate sub-
strates to achieve highly-ordered ClAlPc structures and that graphene 
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surfaces could be also. Investigations about the ClAlPc assembly have 
been carried out on highly oriented pyrolytic graphite (HOPG) [10,13, 
19,20] and on graphene on Cu(100) (G/Cu(100)) [21], where the su-
perstructures known as moiré patterns are not present. It is quite com-
mon however that graphene grown on a metallic substrate can lead to a 
non-uniform interaction with the underlying support. This interaction 
usually generates moiré patterns [22-26], which can induce changes in 
the molecular lattice symmetry, as it has been shown for other phtha-
locyanines [27-30]. To this respect, the characterization of the role 
played by the moiré patterns in the ClAlPc self-assembled structures 
could allow a more specific selection of the graphene-metal substrate for 
future applications. Other than this, regarding the electronic structure of 
ClAlPc on HOPG and graphene surfaces, up to our best knowledge, it has 
only been characterized by means of ultraviolet photoemission spec-
troscopy (UPS) on HOPG [7,8,13,16], and hence information about the 
unoccupied states of ClAlPc on HOPG and graphene surfaces is still 
missing in the literature. 

In this work, we have undertaken the study of the self-assembled and 
the electronic structure of ClAlPc molecules adsorbed on graphene on Pt 
(111) surfaces (G/Pt(111)) by means of scanning tunneling microscopy 
(STM) under ultrahigh vacuum (UHV) and low temperature (40 K and 5 
K) conditions. G/Pt(111) was chosen due to the low graphene-metal 
interaction [31-33] as well as the multiple moiré patterns forming on 
the surface [22,33-35]. On the other side, the ClAlPc non-planar struc-
ture, which differs from the planar phthalocyanines explored on gra-
phene surfaces [27,29], could provide information on the 
molecule-graphene interaction since ClAlPc can adopt different 
adsorption configurations on the surface. The obtained results show the 
growth of well-ordered single-layer islands of ClAlPc where the mole-
cules presumably adopt a Cl-Up configuration with their dipole pointing 
towards the substrate. By means of high-resolution images, the inner 
structure of the molecular cell has been resolved and the influence of the 
graphene high-symmetry directions in the molecular ordering has been 
unveiled. However, no influence of the underlying moiré patterns in the 
molecular lattice symmetry or orientation has been found. Finally, the 
ClAlPc electronic structure has been characterized by obtaining infor-
mation about the frontier orbitals that indicates a low 
molecule-graphene interaction. 

2. Experimental section 

The experiments have been carried out in two different UHV systems 
(base pressure ~1 × 10− 10Torr. Both systems consist of two chambers: a 
preparation and an analysis chamber. The preparation chambers are 
equipped with standard devices for sample cleaning and growth of 
epitaxial graphene under UHV conditions. The analysis chambers differ 
between the systems. One of them is endowed with a home-made vari-
able temperature scanning tunneling microscope (VT-STM) able to 
operate from 40 K to 400 K [36]. The VT-STM has been employed to 
perform measurements at 40 K of the ClAlPc self-assembled structure on 
G/Pt(111). The second analysis chamber is equipped with a home-made 
non-contact Atomic Force Microscopy ncAFM/STM able to operate at 5 
K [32]; this system has been employed as STM to acquire data at 
low-temperature (5 K). Conductance measurements have been obtained 
with the 5 K microscope by means of a lock-in technique with an AC 
voltage (f0 = 836 Hz, Vamplitude = 10 mV) added to the DC bias voltage. 
In both microscopes electrochemically etched W tips have been 
employed and the bias voltages are referred to the sample. STM data 
acquisition and processing have been performed with the WSxM 
software. 

The cleaning process of the Pt(111) single crystal was performed by 
means of cycles of Ar+ sputtering at 1 kV and annealing at 1070 K in 
presence of oxygen atmosphere (10− 7Torr). After each cycle, the sample 
was flashed at 1270 K in presence of the same oxygen atmosphere. Once 
the cleaning cycles were completed, the graphene was grown through 
ethylene chemical vapor deposition (CVD) by exposing the surface to 60 

L while it was held at 1270 K. The quality of the graphene layer was 
checked by means of STM measurements at room temperature (RT). 
ClAlPc molecules were evaporated onto the G/Pt(111) surface at RT 
using a home-made Ta crucible heated at ~350 ◦C. The deposition rate 
was 0.7 ML/min as calibrated by means of a quartz balance. The evap-
oration time was selected in order to achieve a submonolayer coverage 
of the sample. During the deposition rate calibration, coverages over the 
monolayer have been obtained (See supporting information for further 
details). Prior to STM measurements, the sample was cooled down to 
low temperature in order to prevent the diffusion of the ClAlPc 
molecules. 

3. RESULTS AND DISCUSSION 

Graphene grown on Pt(111) surfaces presents a large number of 
rotational domains due to the low graphene-metal interaction of this 
interface. Consequently, several moiré patterns are present, i.e. different 
periodicities of the graphene superstructure can be found on these sur-
faces. Although these superperiodicities have been previously reported 
[22,33-35], for an easy and self-consistent understanding of the results, 
two examples of moiré patterns associated to two different 
graphene-metal rotations are shown in fig. 1. The atomically resolved 
STM image showed in fig. 1a presents a moiré pattern with a periodicity 
of ~2 nm and a structure [( 

̅̅̅̅̅̅
67

√
×

̅̅̅̅̅̅
67

√
) − R12.2◦]G with respect to the 

graphene or, equivalently, a structure [(2
̅̅̅̅̅̅
13

√
× 2

̅̅̅̅̅̅
13

√
) − R13.9◦]Pt 

referred to the Pt(111). A geometric model of this moiré pattern is 
shown in fig. 1b, where the graphene layer is rotated 1.7◦ with respect to 
the underlying Pt(111) and the green and the grey spheres represent the 

Fig. 1. STM images measured at room temperature exhibiting examples of 
different moiré patterns of the G/Pt(111) surface. The moiré unit cells are 
outlined in black. a) [(

̅̅̅̅̅̅
67

√
×

̅̅̅̅̅̅
67

√
) − R12.2◦]G, referred to graphene, or, 

equivalently, [( 2
̅̅̅̅̅̅
13

√
× 2

̅̅̅̅̅̅
13

√
) − R13.9◦]Pt, with respect to Pt(111). Image size: 

7.5 × 7.5 nm2; Vs = -20 mV, I = 18 nA. b) Schematic model of the moiré pattern 
displayed in a). Green and grey spheres represent the graphene and Pt atoms, 
respectively. c) [(4 × 4)]G, referred to graphene, or, equivalently, [(

̅̅̅̅̅̅
13

√
×

̅̅̅̅̅̅
13

√
) − R13.9◦]Pt, with respect to Pt(111). Image size: 3.7 × 3.7 nm2; Vs = 0.9 

V, I = 1 nA. d) Schematic model of the moiré pattern in c). The color code is the 
same as in b). 
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graphene and the Pt atoms, respectively. The atomically resolved STM 
image in fig. 1c, acquired in a different sample region displays a different 
periodicity of the graphene superstructure (~1 nm), originated by a 
rotation of 13.9◦ of the carbon layer with respect to the substrate. This 
moiré can be noted as [(4 × 4)]G with respect to the graphene or as 
[(

̅̅̅̅̅̅
13

√
×

̅̅̅̅̅̅
13

√
) − R13.9◦]Pt with respect to the Pt(111). A geometric 

model of this moiré is displayed in fig. 1d following the same color code 
as for the model in fig. 1b. These moiré patterns and their geometric 
structures displayed in fig. 1 have been previously described [22,35]. 
Although they are found on the surface with a similar abundance to 
other moiré patterns, they are shown here as they exemplify the variety 
of moiré patterns present at this surface. This diversity makes G/Pt(111) 
an excellent interface for the investigation of the substrate influence in 
the molecular adlayer ordering. As shown, each superperiodicity pre-
sents different relative orientations between the moiré and the graphene 
lattices, and hence, the exploration of the molecule adsorption on top of 
different moiré patterns would unveil the role played by each periodicity 
in the molecular lattice structure. 

Chloroaluminum phthalocyanine (ClAlPc) molecule, with structural 
formula C32H16AlClN8, presents a cross-shaped structure with a chlorine 
atom protruding the molecular π-plane, which gives rise to an electric 
dipole pointing towards the molecular plane. Such structure can be 
visualized in fig. 2a-b, where a top and side view are displayed respec-
tively, following the atomic coordinates obtained from the character-
ization of a ClAlPc single crystal by K. J. Wynne [37]. Fig. 2c-d show 
typical STM images acquired on the G/Pt(111) surface at 40 K, after the 
deposition of ClAlPc molecules at room temperature (RT), following the 
procedure described in the experimental section. The submonolayer 

coverage leads to molecular islands coexisting with bare graphene re-
gions, as those imaged in fig. 2c, where the uncovered graphene is 
indicated by “G” and the molecular islands by “ClAlPc”. It can be 
observed that molecules tend to self-assemble into two-dimensional 
well-ordered islands. The symmetry of these single-layer islands can 
be observed in fig. 2d, which corresponds to a zoom in the region 
indicated with a square in fig. 2c. This zoom reveals a lattice of bright 
spots protruding outwards the molecule layer exhibiting a square unit 
cell, outlined in black, with a lattice parameter of ~1.5 nm. These mo-
lecular islands have been found to exhibit several relative rotations 
between them. Nevertheless, a closer inspection has revealed that, over 
a given graphene flake, only 30◦ rotations between the lattice directions 
of different islands are present. An example of these rotations is shown in 
fig. 2e. 

In order to elucidate the origin of the bright spots as those observed 
in fig. 2d and the molecular adsorption geometry on the graphene 
substrate, STM images where the molecular cross shape is resolved were 
acquired within ClAlPc islands in different regions; an example is shown 
in fig. 3. The comparison of this image with the ClAlPc structure, 
superimposed in the STM image, unveils details about the adsorption 
geometry on the substrate and the molecular orientation within the unit 
cell, marked with a black square. In fig. 3 the ClAlPc cross-shape can be 
easily identified, revealing that the molecule is lying down flat with the 
molecular π-plane parallel to the graphene. Furthermore, the rotation of 
each molecule with respect to the molecular lattice direction can be 
measured. Attending to our observations the angle between the ClAlPc 
high-symmetry direction (blue line) and the molecular lattice direction 
(red line) is ~30◦. The comparison of fig. 3 with previously reported 
STM images of ClAlPc on other substrates suggests that the observed 
bright spots correspond to the chlorine atom [10,13,18,21,38,39]. This 
plausible identification of the chlorine atom is also supported by the 
apparent height of the bright spots and by STM images of the ClAlPc 
bilayer, where the first and second layers are visualized simultaneously 
and the bright spots in the second layer are absent (see the Supporting 
Information for more details). Thus, the ClAlPc molecules are presum-
ably adsorbed in a Cl-Up configuration in which the chlorine atom 
points towards the vacuum and the electric dipole towards the graphene 
(see inset in fig. 3). This likely Cl-Up configuration would indicate the 

Fig. 2. STM images of ClAlPc molecules on G/Pt(111) acquired at 40 K. a) and 
b) display the top and side view of the ClAlPc structure respectively. The 
electric dipole is depicted by the black arrow. c) Image of single-layer ClAlPc 
islands coexisting with bare graphene areas (G). Image size: 40 × 40 nm2; 
tunneling parameters: Vs = 3 V; It = 50 pA. d) Zoom-in in the indicated region 
of c) showing the squared unit cell of the molecular island with a lattice 
parameter L. Image size: 10 × 10 nm2; tunneling parameters: Vs = 3 V; It = 50 
pA. e) STM image showing molecular domains, rotated 30̊, found over the same 
graphene flake. Image size: 40 × 40 nm2; tunneling parameters: Vs = 2.7 V; It =
10 pA. 

Fig. 3. STM image obtained in a single-layer ClAlPc island showing the indi-
vidual molecular orientation within the lattice unit cell. ClAlPc structure is 
superimposed in the image. The molecular unit cell is indicated by the black 
square. The high-symmetry direction of the molecule is outlined with a blue 
line. The red line marks the molecular lattice direction. Image size: 7 × 7 nm2; 
tunneling parameters: Vs = -1.5 V; It = 80 pA. 
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relevance of the molecular plane-substrate interaction in the adsorption 
process as it maximizes the π-π interaction between the ClAlPc molecules 
and the underlying carbon surface [20,21]. Following the identification 
of the molecular bright spot with the chlorine atom, the molecules in fig. 
2c and fig. 2e which do not display such bright spot could correspond to 
molecules which have lost the chlorine atom or to molecules placed in 
Cl-Down configuration, i.e. with the electric dipole pointing towards the 
vacuum. 

The influence of the underlying substrate (moiré pattern and gra-
phene lattice) in the molecular ordering has been also investigated. To 
shed light on this issue, STM images have been acquired close to the 
ClAlPc island borders between the molecular single-layer and the adja-
cent uncovered graphene. By combining the images from both locations, 
the high-symmetry directions of the molecular island, the moiré pattern 
and the graphene lattice can be obtained, as well as the angle between 
them. Fig. 4 displays examples of these measurements on different 
graphene flakes. Fig. 4a, b and c show STM images of ClAlPc islands 
close to their borders where the molecular lattice direction is outlined 
with a red line. Fig. 4d, e and f correspond to topographies acquired in 
the uncovered graphene areas indicated with a white square in fig. 4a, b 
and c, respectively. In these graphene images, the high-symmetry di-
rection of graphene is outlined with a black line and the moiré unit cell is 
highlighted in blue. The insets show the angle measured between the 
molecular lattice (red) and the graphene directions (black). In our ex-
periments rotations of ~15◦ and ~45◦ between the graphene directions 
and the ClAlPc lattice directions have been found. However, neither the 
ClAlPc lattice symmetry nor the orientations with respect to the sub-
strate have shown any dependence on the underlying moiré patterns or 
the Pt(111) substrate. Considering the general morphology of the ClAlPc 
islands, i.e. shape and size, remarkable differences that could be 
attributable to the different underlying moiré patterns have not been 
observed. 

The observed behavior of the ClAlPc self-assembled lattices are in 
close resemblance with the results obtained from ClAlPc deposition onto 
HOPG [20] and G/Cu(100) [21] surfaces, where no moiré patterns were 
observed. This indicates that the molecule-substrate interaction is 
mainly determined by the graphene lattice and not by the moiré pattern. 
The weak influence of the G/Pt(111) moiré patterns differs from other 
graphene/metal substrates where the deposition of phthalocyanines can 
lead to non-squared lattices governed by the moiré pattern [27-30]. The 

ClAlPc self-assembly independence on the underlying moiré in the G/Pt 
(111) interface can be attributed to the decoupling of the graphene from 
the metal substrate, giving rise to low corrugated moiré patterns with a 
low perturbed graphene electronic structure [31-33]. 

By combining the results obtained in different sample regions about 
the ClAlPc orientation within the molecular unit cell (fig. 3) and the 
orientation of the unit cell with respect to the substrate (fig. 4), an 
adsorption model is proposed for the ClAlPc/G/Pt(111) system. In this 
model, shown in fig. 5, the (11) direction of the ClAlPc lattice (the di-
agonal of the cell) is parallel to one of the high-symmetry directions of 
the graphene, as observed in fig. 4. On the other hand, taking into ac-
count STM images where the molecular cross shape is resolved, as the 
one shown in fig. 3, the ClAlPc symmetry direction of each molecule is 

Fig. 4. Representative STM images of the study 
of the graphene influence on the molecular 
ordering. a), b) and c) present images of single- 
layer ClAlPc islands close to their border. The 
red lines indicate the molecular lattice direc-
tion. d), e) and f) show atomically resolved 
images of the graphene areas marked with a 
white square in a), b) and c), respectively. The 
unit cell and periodicity of the different moiré 
patterns observed are indicated in blue. The 
black lines outline the graphene lattice direc-
tion. The insets show the measured angle be-
tween the molecular lattice direction (red) and 
the graphene direction (black). Size image: a) 
25 × 25 nm2; b) 15 × 15 nm2; c) 20 × 20 nm2; 
d), e) and f) 5 × 5 nm2. Tunneling parameters: 
a) Vs = 3 V; It = 10 pA; b) Vs = 2.5 V; It = 10 
pA; c) Vs = 2.5 V; It = 8 pA; d) Vs = -50 mV; It 
= 17 nA; e) Vs = 0.2 V; It = 15 nA; f) Vs = -0.15 
V; It = 3.8 nA.   

Fig. 5. Geometric model proposed for the adsorption of ClAlPc molecules on G/ 
Pt(111). The graphene is represented by the brown honeycomb structure and 
two of its high-symmetry directions are indicated with black lines. The ClAlPc 
unit cell is outlined in red. 
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rotated 30◦ with respect to the molecular lattice direction. Based on this 
model, the measured 15◦ and 45◦ relative angles between the graphene 
directions (black lines) and the ClAlPc lattice directions (red lines) in 
fig. 4 are reconstructed. Regarding the 30◦ angles found between ClAlPc 
islands on the same graphene flake (fig. 2e and fig. 4c), they can be 
explained as rotational domains following the proposed model, i.e. as 
molecular lattices where (11) direction is aligned with different high- 
symmetry directions of the graphene (for further details see Supple-
mentary Information). 

Finally, the electronic structure of ClAlPc adsorbed on G/Pt(111) has 
been characterized by means of scanning tunneling spectroscopy (STS) 
at 5 K. Conductance curves (dI/dV) have been acquired on top of indi-
vidual ClAlPc molecules; a representative example of these measure-
ments is shown in fig. 6a. This spectrum, which has been acquired at the 
center of a molecule, shows a gap of ~2.7 V flanked by two peaks whose 
centers are located at ~-1.25 V and ~+1.5 V (the bias voltage is applied 
to the sample). These peaks can be associated to the frontier orbitals of 
the molecule, i.e. to the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO). STM images, shown in 
fig. 6b and c, have been acquired at 5 K at bias voltages close to the 
HOMO and LUMO peaks obtained in the conductance curve, respec-
tively. These images, where the individual ClAlPc orientation is indi-
cated with a dotted cross, reveal the presence of intramolecular features, 
which depend on the applied bias. Single-molecule intramolecular fea-
tures have been marked with colored dots to facilitate their identifica-
tion. In fig. 6b, obtained for a bias voltage close to the HOMO energy 
position, it can be observed that the molecular center exhibits a 
depression while the molecular cross shape presents four lobes per 
branch, indicated with a total of sixteen blue dots. In fig. 6c, obtained for 
a bias voltage close to the LUMO energy position, it can be observed that 
each branch of the molecular cross shape shows two lobes, indicated all 
of them with a total of eight red dots, while the area around the mo-
lecular center presents a larger electronic contribution, i.e. a higher 
apparent height, with respect to the depicted lobes. It is also remarkable 
that for the latter case the molecular center also exhibits a subtle 
depression. 

The energy value found for the peak below the Fermi level (negative 
bias) in fig. 6a is in good agreement with previous values, between -1.2 
and -1.3 eV, obtained by ultraviolet photoemission spectroscopy for the 
HOMO orbital of ClAlPc first layers adsorbed on graphite surfaces [7,8, 
13,16]. This agreement reinforces the identification of this peak with the 
HOMO orbital and suggests a comparable ClAlPc-substrate interaction 
on HOPG and G/Pt(111) systems. Furthermore, the peak above the 
Fermi level (positive bias), up to our best knowledge, constitutes the first 
reported value for the ClAlPc LUMO orbital on HOPG or graphene sur-
faces. The intramolecular structures observed in fig. 6b and c present 
similarities with the structures previously reported by DFT calculations 
for the free-molecule HOMO and LUMO orbitals [38]. In the HOMO 
case, the similarities are the four lobes in each molecular branch and the 
central depression of the molecule. With respect to the LUMO, the main 
resemblances are the larger electronic contribution around the molec-
ular center with respect to the molecular branches and the lower elec-
tronic contribution at the molecular center which could be associated 
with the subtle central depression in fig. 6c. All these similarities point 
towards a weak molecule-graphene interaction [35]. 

4. Conclusions 

In this work, we have investigated the ClAlPc self-assembled struc-
ture in the submonolayer regime on graphene grown on Pt(111) sub-
strates by using low-temperature STM. According to our results, ordered 
single-layer islands are formed on the surface, where the molecules 
likely adopt a Cl-Up configuration in close resemblance to HOPG and G/ 
Cu(100) surfaces where no moiré patterns are present. The orientation 
of the ClAlPc within the molecular islands and the influence of the 
substrate in such layers have been characterized. Graphene high- 

symmetry directions have been found to be determinant in the align-
ment of the ClAlPc islands, while no influence of the underlying moiré 
pattern or the metal substrate has been observed. In addition, an 
adsorption model for ClAlPc on G/Pt(111) has been proposed based on 
the obtained results. Furthermore, the electronic structure around the 
Fermi level has been explored by STS and peaks related to the HOMO 
and LUMO were observed. Finally, STM images have been acquired at a 
bias close to the frontier orbital values found, revealing intramolecular 
features. 
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Fig. 6. ClAlPc electronic structure characterization. a) Conductance curve ac-
quired on a ClAlPc molecule at 5 K. The bias is applied to the sample. The 
HOMO and LUMO peaks and the Fermi level (Ef) are indicated. b) STM image of 
a ClAlPc island acquired at 5 K at the HOMO bias. The individual molecular 
orientation is marked by a dashed cross. The blue dots indicate the intra-
molecular features of a single molecule. Image size: 4 × 4 nm2; tunneling pa-
rameters: Vs = -1.3 V; It = 70 pA. c) STM image of a ClAlPc island acquired at 5 
K at the LUMO bias. The individual molecular orientation is marked by a 
dashed cross. The red dots indicate the intramolecular features of a single 
molecule. Image size: 4 × 4 nm2; tunneling parameters: Vs = +1.5 V; It = 80 pA. 
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Atomic-Scale Variations of the Mechanical Response of 2D Materials Detected by 
Noncontact Atomic Force Microscopy, Phys. Rev. Lett. 116 (2016), 245502. 

[33] M.M. Ugeda, D. Fernandez-Torre, I. Brihuega, P. Pou, A.J. Martínez-Galera, 
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