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Introduction

Electronic structure tunability of carbon-based
1D-polymers combining cross-conjugation and
hitrogen dopingf
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Quasi-one-dimensional polymer structures with extended n-electron systems stand out due to their
remarkable application in light-emitting diodes and devices. Upon smart choice of their building units,
such carbon-based organic nanoarchitectures provide excellent optoelectronic properties by tuning their
dimensionality, atomic structure or intrinsic doping. Here, we generate and study three canonical cross-
conjugated quasi one-dimensional chains with controlled nitrogen intrinsic doping, which is selectively
introduced into their poly-phenylene backbones. By means of scanning tunneling microscopy and spec-
troscopy we corroborate that the cross-conjugation that break the chain linearity is exclusively respon-
sible of the electronic confinement in the straight segments. Moreover, we demonstrate that the LUMO
state exhibits similar spatial distribution for the cross-conjugated polymers independently of the pyridine
content of the initial precursor. Despite this coincidence, the semiconducting character and other rele-
vant electronic properties of the polymers are found to depend both on the chain morphology and on
the precise position and number of doping nitrogen atoms synthetically introduced into the molecular
precursors. We compare these results to related previous studies, which allows us to unambiguously vali-
date the opto-electronic tunability upon the choice of the polymers’ building units.

such as spintronics,">'® gas and energy storage,'””'® or cataly-

sis and nanoelectronics.'®?® These advanced functional nano-

Carbon-based organic nanoarchitectures have gained scientific
relevance due to the precise control of their electronic, optical,
and magnetic properties at the atomic level.'” This versatility
position them as promising candidates for low-dimensional
material applications® > featuring sophisticated functions
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materials demand precise synthesis protocols to generate
atomically-defined structures presenting controllable physico-
chemical properties. In this context, on-surface synthesis (OSS)
has proven to be an effective strategy for achieving meticulous
control over the reaction products and coupling pathways, jus-
tifying its implementation in prospective devices.>* Indeed,
0SS has produced countless carbon nanostructures, ranging
from graphene nanoribbons with variable widths and
edges,”>° covalent nanoporous architectures,?”** or hetero-
atom substituted carbon structures.**™*” From these, the most
common OSS reaction is the Ullmann coupling due to its
ability to form directional covalent bonds generating zero- to
two-dimensional structures in a controlled manner.>**®
Quasi-one-dimensional (quasi-1D) polymer structures with
extended m-electron systems stand out due to their remarkable
physico-chemical properties. For example, the electrolumines-
cence found in poly(para-phenylenevinylene) granted its appli-
cation on blue light-emitting diodes (LED).***° Such techno-
logical use triggered the interest to obtain other semiconduct-
ing polymers with similar optoelectronic attributes and simul-
taneously find structural ways to control their properties.
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Indeed, two structural protocols are commonly envisioned to
achieve this: (i) by introducing kinks that break the linearity of
the chains (cross-conjugation) and, (ii) by selectively exchan-
ging carbon atoms within the monomer units for structurally
similar elements with doping character (like nitrogen or boron
atoms).

An exemplary case of such electronic tunability is found in
poly(para-phenylene) (PPP), which is one of the simplest
carbon-based 1D chains consisting in straight units of phenyl
rings. Particularly, breaking up the linearity of these chains -
i.e. introducing a meta-ligand periodically - results in cross-
conjugation that leads to electronic confinement within the
straight segments of the zigzag chains, an overall increase of
the band gap at the frontier orbitals and a conspicuous
reduction of the electron mobility along them central axis of
the polymer compared to its PPP counterpart.”® Alternatively,
nitrogen doping by pyridine substitution of the phenyl rings
rigidly shifts the energy bandgap without compromising their
charge mobility.>® Thus, the high electron affinity introduced
by the N-doping in these polymers is an extra control ingredi-
ent that shifts the band structures of the pure carbon
polymers.>?

In this work, we combine the two mechanisms described
above (viz. variable N-doping concentration and cross-conju-
gation) to determine the overall effect on the electronic struc-
ture of these quasi-1D chains. Notably, we find that the elec-
tronic structures deviate from a simple addition of the standa-
lone cases and observe that these effects depend on the
precise position and number of N-doping atoms synthetically
introduced into the molecular precursors. This study was poss-
ible after successful polymerization of three N-doped 4,4"-
dibromo-meta-terphenyl (DMTP) derivates using OSS protocols
on the substrate of Ag(111) (see Fig. 1). The structural and elec-
tronic characterization of these zigzag chains was performed
by scanning tunneling microscopy (STM) and spectroscopy
(STS) techniques in ultra-hight vacuum (UHV) and cryogenic
(4.8 K) conditions (see Experimental section). Importantly, we
compare our results to previous studies and find that the com-
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Fig. 1 Scheme of the Ullmann coupling reaction of the three pyridine
derivatives of 4,4"-dibromo-meta-terphenyl (DMTP) on Ag(111) studied
in this work. Hereafter, we will refer to the precursors as 1, 2 and 3 and
to their resulting chain products as P1, P2 and P3, respectively. Note the
difference in N-atom number and relative positions within precursors
and chains.
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bination of nitrogen doping and cross-conjugation can reduce
the bandgap of the polymers, thereby enabling to structurally
control their overall optoelectronic properties.

Results

Structural aspects of the nitrogen-doped covalent zigzag
chains

The three aromatic pyridinic precursors (1, 2, and 3) used in
this study are shown in Fig. 1 and differ in the position and
number of the nitrogen atoms (refer to the ESI} for details on
the synthesis and characterization of these molecular precur-
sors). The halogen atoms occupy para positions at the outer
rings of the terphenyl derivatives to generate cross-conjugated
structures via debrominative aryl-aryl coupling on the Ag(111)
surface. This substrate was chosen due to the long diffusion
lengths sustained by the precursors, which lead to excellent
formations of polymeric structures.>® The room temperature
(RT) deposition already leads to partial dehalogenation of
some of the precursors, producing intermediate metal-organic
products,”®>® as shown in Fig. S1 of the ESL{ After annealing
up to 570 K, long zigzag pyridinic extended covalent chains in
a trans conformation become the dominant products for the
three precursors (see Fig. 2). Notably, these 1D structures
merge into large compact islands, where the cleaved chemi-
sorbed Br atoms facilitate this packed arrangement by electro-
statically bonding to the peripheral hydrogen atoms of the
polymers.”>”° Statistically, we find that the average inter-chain
spacing varies between 1.00 nm and 1.12 nm in the packed
islands (similar to previous studies®'), and the length of the
chains extend in average ~25 nm, ~20 nm, and ~15 nm for P1,
P2, and P3, respectively (see Fig. S3 and Table S1 of the ESI}).
The middle row panels of Fig. 2 present detailed close-ups
of the zigzag polymer chains obtained from the three precur-
sors. The overlaid molecular models agree with quasi-planar
geometries of four ring units, where the N atoms of the pyri-
dine groups are expected to reach closer to the substrate and
thus appear slightly darker in the images.’>®” Notably, peri-
odic variations are revealed in the topographic profiles (see
Fig. S2 in the ESI}), which match an alternate arrangement of
the N atoms within the straight sections of the zigzag chains.
This agrees with the configuration obtained from gas phase
calculations, that concludes that this arrangement is energeti-
cally the most stable due to both the repulsion between neigh-
bouring pyridinic N atoms and the steric hindrance of H
atoms at the opposite ends of these rings.*® Moreover, such
alternating nitrogen positioning in adjacent covalently linked
pyridines agree with a more efficient proximity conformation
to the substrate, following the behavior of other related
chains.?”**"%? Interestingly, the position of these N atoms also
influence the packing arrangement, but most importantly, the
chain period. Indeed, we statistically find that the periodicity
(L) changes from 2.10 nm on P1, 2.30 nm for P2, and 2.20 nm
on P3 (see Fig. S4 and Table S1 of the ESI}). The origin of such
subtle length variation (within ~10%) could be ascribed to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 STM images of the products P1, P2 and P3, obtained after OSS of the three precursors on Ag(111) at two different temperatures. The top row
images [(a), (d), and (g)] show large-scale views after depositing the precursor at RT and annealing up to 570 K. After reaching this annealing temp-
erature, we find predominance of zigzag polymeric chains aggregated into islands, which mainly follow the three crystallographic directions of the
substrate. Images in the middle row [(b), (e), and (h)] are close-ups from the upper row structures that show the detailed morphology of the zigzag
chains. Note the parallel alignment of the chains that is partially stabilized by Br adatoms and the overlaid structural models (carbon is represented
in gray, hydrogen in white, nitrogen in blue, and bromine in red). The bottom row [(c), (f), and (i)] display high-resolution images of isolated zigzag
chains emerging after annealing the systems up to 690 K. Note the darker intensity at the central region of the straight sections in (e), (f), (h) and (i)
that coincides with the nitrogen sites (further details in Fig. S2 of the ESIf). STM parameters: (a) / = 80 pA, V=-1.0V; (b) / =110 pA, V= -15V; (c) /|
=30pA V=-04V;(d)/=50pA V=-10V;(e)/=50pA V=-10V; (f)/ =110 pA, V=-0.01V; (g) =100 pA, V=-0.1V; (h) / =100 pA, V = -0.1

V; (i) /I=50pA V=001V

different registries with the substrate (defined by the neighbor-
ing nitrogen separation) or to the electronic effects reported in
the next section.

The zigzag polymeric structures were annealed up to 690 K
(avoiding degradation) to laterally fuse them, as for other
related terphenyl -based precursors’’”® or their straight PPP
counterparts.®® Despite the high temperatures reached, con-
trolled lateral fusion of the zigzag chains was absent in the
three cases. At such high temperature annealing, the Br atoms
desorb from the surface, so the electrostatic stabilizing role of
these by-products between chains is lost and the previous
close-packed islands disaggregate. In this way, the chains
adopt disordered conformations with a significantly higher
number of bends and twists along their length promoted by
cis linkages that were practically absent previously (see Fig. S5
of the ESIf). Despite this greater structural flexibility, the dis-
ordered individual polymeric strands maintain in part their

This journal is © The Royal Society of Chemistry 2025

previous zigzag structure (see bottom row of Fig. 2), allowing
us to access their electronic structure.

Electronic properties of nitrogen-doped covalent zigzag chains

The absence of lateral fusion and the disaggregation creates
the perfect playground to investigate the electronic properties
of the isolated cross-conjugated polymers. We do this by scan-
ning tunneling spectroscopy (STS) recording both conductance
(d1/dV) line scans and dI/dV grids regulating at constant set
points to extract spectroscopy maps. These maps are acquired
in constant current mode with the tip-sample distance being
defined by the setpoint parameters. Fig. 3 displays on the top
row the dI/dV point spectra at the center of a straight section,
on the central row the spectral colormaps obtained from line
scans along straight sections, and on the bottom row, a repre-
sentative topography with unoccupied and occupied dr/dV
maps of the three types of isolated chains.

Nanoscale
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Fig. 3 Electronic structure determination of isolated P1 (left column), P2 (central column) and P3 (right column) on Ag(111). The point spectra,
dl//dV line scans and isoenergetic maps (obtained from dI/dV grids regulating at constant set points) were recorded from isolated chains after the
annealing treatment up to 690 K. The top row panels [(a), (d), (g)] display constant-height d//dV point spectra acquired around the center of a
straight section, with the Ag(111) STS shown in gray for comparison. The insets show topographic images of the zigzag chains marking the STS posi-
tion (red dots) and the line scan trajectories for the central panels (white discontinuous lines). The middle row panels [(b), (e), (h)] display line scan
colormaps consisting of several d//dV spectra acquired at constant-height along the straight section of the chains. The valence band (VB) and con-
duction band (CB) onsets are indicated by vertical yellow dashed lines and appended as shaded areas at the top row, which define the semiconduct-
ing band gaps (quatified in the top panels). Some tip states are present in these colormaps featuring fixed energies with intensity modulation
absence. The bottom row panels [(c), (f), (i)] display topographic (top) and d//dV maps (bright more intense) at the dominant unoccupied peak ener-
gies (LUMO) and close to the VB onset (bottom). These dI/dV maps (extracted from conductance grids) evidence similar spatial distribution of the
LUMO states in the three cases (white circles guide the eye marking the corner ring centers). STM parameters: (a) / = 20 pA, V= -0.5V; (d) / = 10 pA,
V=-04V;(g)/=30pA V=-04V;(c)/=15pA, V=-05V;(f)/=10pA, V=-04V; (i) =30 pA, V= -0.4 V. STS parameters: bias voltage modu-
lation of 15 mV,,s at 817.3 Hz with the following setpoints: (a—c) V= -0.4V, | = 20 pA; (d—f) V=-0.4V, | = 10 pA and (g—i) V= -0.8 V, | = 50 pA.
Inset scales: 1 nm.

In the unoccupied region (V > 0 polarization range) shown chains, respectively. The spatial distribution at these energies
in the top and middle rows of Fig. 3, dominant peaks are (central row of Fig. 3c) is similar to the one found in the
observed at 1.55 V, 1.45 V, and 1.35 V for the P1, P2 and P3 undoped zigzag polyphenylene chain at an energy of 1.9 V

Nanoscale This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparison of the LUMO energy positions (left graph) and band gaps (right graph) of linear and zigzag polymeric chains as a function of the
pyridine groups contained in the precursors. Here, the pyridine number is proportional to the fraction of nitrogen heteroatoms of 1D extended con-
jugated polymer systems.52546% The red circles correspond to the linear chains, while the blue triangles relate to zigzag chains. Each point is
accompanied by its precursor molecule,>>%°° highlighting with asterisks the molecules used in this work. Color coded linear fits are added to help
visualizing the effects. The error bars introduce a 5% margin to all presented values to account for possible experimental uncertainties. Further

details can be found in Table S2 and the ESI.{

(imaged in constant-height with a CO-functionalized tip).
Considering the different experimental acquisition conditions
between them, this state is identified as the lowest unoccupied
molecular orbital (LUMO) state.” Interestingly, we find that
the pyridine-doped chains exhibit a progressive energy
decrease of these LUMO peaks with increasing content of N
atoms in the unit cell (see Fig. 4). However, we observe that the
precise structural position of the N atoms at the straight seg-
ments do also affect the final energy position of these peaks
(compare the P2 and P3 chains in Fig. 3 and 4).

Line scans along the straight sections of the undoped
zigzag polyphenylene chain allowed to visualize the LDOS dis-
tribution of this LUMO state.>® It was identified as the first
stationary state of a particle in a box (n = 1) that was localized
in the straight segments of the zigzag structure. Notably, we
find in the P1, P2 and P3 chains a similar intensity distri-
bution with maxima at the center and extinction at the cross-
conjugated elbows (see central row of Fig. 3). This evidences a
very similar electronic character of the N-doped chains and the
undoped zigzag polyphenylene chains. We can then conclude
that the confining properties come as a consequence of the
presence of meta-type junctions that act as scattering barriers
for polymer electrons, regardless of atomic conformations and
the presence of the pyridine groups.>" %%’

Relying in all the extracted electronic structure datasets
(Fig. 3 and Fig. S6 of the ESI}), we could determine the onset
positions of both the valence bands (VB) and the conduction
bands (CB), which define the semiconductive gaps of these
chains. In all datasets the onset of the CB was conspicuous
and is indicated by dotted vertical lines in Fig. 3. Contrarily,
the VB onsets were highly challenging to define due to a

This journal is © The Royal Society of Chemistry 2025

reduced tip-sample stability at large negative bias voltages and
a larger contribution of tip states in the occupied region. At
such high negative bias, the dI/dV maps exhibit a weak
extended highest occupied molecular orbital (HOMO) state
mainly following the polymer structure (see bottom of Fig. 3
and Fig. S6 of the ESIf). Intensity inversion or asymmetries
can be detected in these conductance maps, which can be
attributed to slightly different scanning conditions and to
different atomic tip terminations that modify the electronic
sensitivity and introduce subtle variations on the electronic
visualization. Comparing the substrate contribution from the
polymeric chains LDOS in different dI/dV grids, we could
approximately set this VB onset energy and extract the energy
gaps that amounted to 3.50 eV, 3.20 eV, and 2.85 eV for the P1,
P2 and P3 chains, respectively. Again, we find a dependence
on both the number of N atoms and their precise distribution
within the unit cell for the experimental band gaps (see Fig. 4).

Discussion

Our results show that these chains do not laterally fuse, even
when annealed to considerably high temperatures, which
could misleadingly lead to the conclusion that these chains
are energetically more stable than other related polymeric
chains. Indeed, related terphenyl based precursors with meta-
positioned halogens (instead of para-, like in this work) fuse in
two steps, first forming aligned macrocycles and later forming
nitrogen-doped porous carbon nanoribbons.>”*° However, we
note that linear chains containing pyridine rings were never
reported to laterally fuse, contrarily to their pristine

Nanoscale
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counterparts.’>®*®® As nitrogen atoms within pyridines won’t
covalently bond to an adjacent dehydrogenated carbon it
seems way too unfavorable to leave unsaturated bonds within
fused structures. Thus, the presence of N-atoms must efficien-
tly hinder that fusion whenever these atoms are necessarily
confronted with C-H groups.

Another thing to consider is whether the pyridinic nitro-
gens could increase the torsional angle between adjacent rings
due to its stronger interaction with the substrate. Although we
cannot totally discard the modification of the twist angles with
respect to the purely unsubstituted phenyl chains, the differ-
ence must be subtle because we do not find a relevant altera-
tion in the spatial distribution of the frontier electronic states
nor any effective reduction of the n-conjugation with N content
in these polymers.>>

An interesting aspect to be discussed is the comparison of
the LUMO positions and the energy gaps with respect to other
similar poly-phenylene chains as a function of nitrogen
content in the precursor (proportional to the fraction of nitro-
gen heteroatoms). We limit our comparison to the Au and Ag
substrates as the interfacial interactions that could impact the
electronic results are minimized. As shown on the left graph of
Fig. 4, adding pyridines to the precursor has a downshifting
effect on the LUMO, which shifts the energy of this state
towards the Fermi level both for linear and zigzag chains. This
can be reasoned as an effective intrinsic electronic doping of
the resulting polymers. We find that this downshift is practi-
cally linear with precursor pyridine number, but it is more pro-
nounced for the zigzag chains. Interestingly, the position occu-
pied by the nitrogen atom influences the doping level, based
on the less pronounced downshift variation observed for P2
with respect to P3. This means that the electronic doping is
less efficient when the two nitrogens are closests, possibly
introducing some sort of Coulomb repulsion. Thus, the system
might try to reduce such electronic repulsion by stretching the
unit cell, becoming largest for P2 (see Table S1 of the ESIf}).

Regarding the bandgaps (right graph of Fig. 4), we find
remarkable differences with the overall chain morphology. For
linear chains, the band gap is reported to be unchanged inde-
pendently of the number of N atoms in the polymer. This
means that both frontier orbitals experience a rigid shift
towards lower polarization voltages that is caused by the intrin-
sic doping of the pyridinic groups.”> Contrarily, the zigzag
polymeric chains exhibit a striking decrease of the energy gap
with N content. Because the bandgap modification is more sig-
nificant with N content than the LUMO energy shift, we find
that both frontier orbitals move towards the Fermi energy.
This behavior difference of the bandgap must be related to the
topology of the zigzag chain that can induce electronic con-
finement in the short straight sections. We infer that such
electron localization must in turn increase the sensitivity to
the nitrogen incorporation in the backbone (intrinsic
dopants). These N atoms produce an electronic perturbation
in the form of asymmetric charge redistribution that effectively
reduce the energy gap. In contrast, the linear chains allow the
electrons to move practically unperturbed along the chain axis,
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so that structural dopants affect much less the overall elec-
tronic properties. Thus, the presence of N heteroatoms leads
to a rigid energetic shift of the frontier orbitals. Importantly,
this change in the frontier orbitals of the zigzag chains is not
only dependent on the pyridine content within the structure,
but also upon the exact atomic position occupied within the
ring. In this case, the polymeric chain becomes more conduc-
tive, when the two nitrogens are farther apart, ie. for P3
chains. Thus, the type of molecular linkage (para- vs. meta-),
the nitrogen content (pyridine groups added on the precur-
sors) and the ultimate position of the nitrogen atoms (atomic
structure) contribute to the modulation of the electronic char-
acter of the polymeric chains. Through selective combination
of all these ingredients, we envision the control of both the
LUMO position and the bandgap size of these 1D-polymeric
chains, with the prospect of tuning their ultimate opto-
electronic properties. We hope that this experimental work
triggers the interest of research groups to perform theoretical
calculations on these polymeric systems, which can shed light
into the role of Coulomb repulsion between the doping
centers on the band structure.

Conclusions

Combining cross-conjugation and intrinsic nitrogen-doping in
zigzag polymeric chains, we demonstrate the tunability of their
electronic properties by means of STM/STS. The quasi-1D
structures were successfully generated by on-surface synthesis
on Ag(111) using three meta-terphenyl derivatives. We corrobo-
rate that in these extended n-electron systems, the cross-conju-
gation that breaks the chain linearity is solely responsible for
the electronic confinement within the straight sections.
Indeed, the LUMO exhibits a common spatial distribution on
the polymers independently of the pyridine content within the
structure. Contrarily, the exact position and amount of nitro-
gen atoms incorporated into the precursors are key in defining
the overall electronic character of these 1D-polymers, as they
influence the LUMO position and bandgap size. This study
underscores the importance of molecular design, not only in
terms of dopant quantity, but also in their precise location
within the structure. Controlling the structural properties to
the atomic level is the only way to envision full control of the
electronic properties in 1D-conjugated polymers, which might
open new avenues for advanced opto-electronic device
applications.

Experimental section

The molecular precursors 1, 2 and 3 were obtained by solution
chemistry by means of Pd-catalyzed Suzuki-Miyaura couplings.
See the ESIf for details on the preparation and characteriz-
ation of these molecules. All experiments were performed
in situ in UHV conditions, with a base pressure in the range of
1 x 107'° mbar. A silver crystal surface oriented in the (111)

This journal is © The Royal Society of Chemistry 2025
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direction was used for the polymer synthesis. The substrate
cleaning was carried out by repeated cycles of Ar" ion sputter-
ing at energies of 1.0 keV, followed by annealing at 700 K,
resulting in clean, ordered surfaces with wide terraces.

The organic structures were prepared in UHV by thermal
evaporation from a Knudsen cell at constant temperatures of
358 K, 363 K, and 366 K for the precursors 1, 2, and 3, respect-
ively, at rates of approximately 0.03 monolayers (ML) per
minute, while the Ag(111) substrate was kept at room tempera-
ture. The precursor coverage was chosen in the range between
0.5 and 0.7 ML. To check the precursor integrity during evap-
oration, some depositions were done at 150 K, as reported in
the ESL.f Room temperature deposition led to partial dehalo-
genation of the molecules, with both intact (minor proportion)
and dissociated molecules observed, as shown in Fig. S1 of the
ESIL.T This dehalogenation produced intermediate products in
which the precursor molecules initially coordinated with
mobile Ag adatoms on the surface, forming C-Ag-C metal-
organic bonds.>"*> These deposition were followed by succes-
sive annealings up to 570 K and 690 K during 15 minutes.

Low-temperature scanning tunneling microscopy and spec-
troscopy (LT-STM/STS) investigations were conducted with a
Scienta Omicron LT-gplus microscope, cooled down to 4.8 K in
a liquid helium bath and controlled by a Matrix SPM system. A
tungsten (W) tip was used in all experiments, and all bias vol-
tages are referenced to the sample. LT-STS spectra and maps
were obtained through a lock-in amplifier with an oscillation
frequency of fosc = 817.3 Hz and a modulation amplitude of
Virms = 10.0-15.5 mV. All images presented were acquired in
constant current mode, unless otherwise stated. The analysis
of the STM images was performed using the image processing
Gwyddion 2.63 software.*
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