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A B S T R A C T

Modulation of electric currents through single-molecule junctions is usually achieved by synthesis of molecules
with desired functionalities, in conjunction with suitable molecule–electrode contacts through specific an-
choring groups. An alternative to this approach, barely explored so far, is to use structured electrodes,
where conductivity could eventually be controlled by changing the specific anchoring site within the very
same electrode. Here, we theoretically investigate how to exploit the pronounced anisotropy of corrugated
graphene deposited on Ru(0001) (Gr/Ru) to tailor single-molecule conductivity in 4-aminophenyl and 4-
aminobenzonitrile. We show that currents induced in the upper and lower anchoring positions in the Gr/Ru
moiré are substantially different, irrespective of the chosen molecule. The magnitude of these currents can
differ by as much as an order of magnitude at specific bias voltages. We also show that both molecules display
rectifying properties, which can differ by up to a factor of five in different anchoring sites. Interestingly, the
observed modulations strongly depend on the chemical binding nature between the molecule and the electrode,
(strong) covalent bond for 4-aminophenyl and (weak) physisorption for 4-aminobenzonitrile. All this suggests
that Gr/Ru can be an ideal electrode to modulate single-molecule electric conductivity under experimental
conditions that are available in many laboratories.
1. Introduction

Since the first evidence showing that conjugated oligomers can
become active parts of electronic devices [1], molecular electronic
junctions have emerged as potential candidates for new technological
applications in the context of moletronics [2,3]. The blossoming of
these technologies relies on our ability to design and tune the electronic
properties of the junctions at will. Fine-tuning of molecule-junction
properties can be achieved by synthesizing molecules with desired
functionalities, in conjunction with the design of suitable molecule–
electrode contacts through specific anchoring groups. To disentangle
the individual effect of these three components (molecule, anchor-
ing group, and electrode) on the junctions, systematic investigations
should ideally be performed by fixing two components and varying
the third one. This can be done, e.g., by performing single-molecule
break-junction experiments in which the molecule is placed in between
a scanning tunneling microscope (STM) tip (top electrode) and an
extended conducting solid substrate (bottom electrode) [4].

Many previous studies have sought to exploit the chemical prop-
erties of molecules [5–7]. For example, aromatic molecules display in
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general much lower junction tunneling-barrier heights, hence higher
conductivity, than aliphatic molecules [8]. This is because the energies
of the molecular orbitals of the former molecules are more closely
aligned with the Fermi level of the electrodes. Conduction depends also
very much on the tunnel junction length [9–14]. Thus, chemical design
of molecules with the appropriate electronic structure and length is
widely used to modulate conductivity through junctions. But this is not
always possible, e.g., when pinning effects are at play [15].

The second component, anchoring groups, which are necessary to
effectively bind the molecules to the electrodes in specific positions, are
far from being passive actors. They modulate the effective overlap be-
tween the electronic wave functions of the molecule and the electrodes,
thus affecting the conductivity [16]. For example, molecules containing
thiol (-SH) and pyridyl (-PY) groups have been shown to form stronger
bonds with Au electrodes than carboxylic-acid (-COOH), amine (-NH2),
isocyano (-CN) and, isothiocyanate (-SCN) groups [17,18], leading to
more stable molecular junctions even under ambient conditions [17],
but, more importantly, allowing for a high variability of conductance
values [11,19]. Changing the anchoring positions can also significantly
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modify the conductivity [20]. Importantly, the anchoring groups may
also ensure the stability of the junction with increasing length of the
molecule, as shown, e.g., for oligoyne molecular wires [12]. These
effects are even more pronounced for non-metal electrodes [21,22].

Concerning the third component of the junctions, the electrodes,
the most popular ones are made of metals [7]. Group 10 metals,
Pd, Ni and Pt, have been shown to promote more efficient electronic
transport than group 11 metals, such as Au, Ag, and Cu, due to their
stronger d-orbital nature and their larger local density of states near the
Fermi level [16,23–26]. Among group 11 metals, conductance has been
shown to be higher for Au than for Ag electrodes [24,26,27], though
the latter turn out to be more stable in hydrogen environment [28]. De-
spite the diverse scenarios provided by metal electrodes, they are also
affected by some limitations. For example, they may present stability
problems due to the high mobility of the surface atoms. Also, control-
ling the metal-to-molecule interface at the nanoscale is very difficult,
which hampers reproducibility. In contrast, graphite or graphene-based
bottom electrodes are more stable [29–31]. They can also enhance
conductivity [32–34] and may even moderate its exponential decay
at the junction sites [13,14]. Furthermore, this type of molecular
junctions show controllable rectification properties [31,35,36] due to
the asymmetry in the coupling to the electrodes.

An alternative to traditional electrodes, so far barely explored, is
provided by stable structured electrodes, where conductivity is ex-
pected to depend on the anchoring site in the electrode. In this case,
identical molecules placed on different sites may exhibit different con-
ductivity, all without the need for changing the molecule’s structure
and/or functionalization, nor the nature of the electrode. To enhance
stability, such an electrode should ideally have a graphene-like charac-
ter, but should also incorporate the necessary structural modifications
to allow for site-selective conductivity. Materials that satisfy these
requirements are those formed by a graphene layer absorbed on a metal
substrate [37]. Even when adsorbed on a metal, graphene preserves
the main properties that make it ideal for electrode manufacturing,
such as the low atom mobility, weak interfacial dipole, and a large
number of anchoring positions at room temperature through strong C–C
molecule–electrode bonds [38] or van der Waals molecule–electrode
interactions that preserve the molecular geometry [39,40]. Previous
studies have focused on electrodes where graphene is weakly bound to
the metal, so that its electronic properties remain almost intact all over
the surface, thus preventing site-selective conductivity. For example,
in this context, graphene has been tested as protective layer for Au
electrodes [41] resulting in a drastic reduction of the conductance
with respect to a bare Au electrode irrespective of the anchoring
group and the molecule considered. Also, graphene adsorbed on copper
has been used as bottom electrode to study molecular electronics on
self-assembled monolayers of alkylamines [42]. These junctions are
electrically stable in ambient conditions and their electrical properties
have been found to be similar to those of junctions formed with pure
Au and Ag electrodes.

In contrast, graphene adsorbed on Ru(0001) (thereafter Gr/Ru) dis-
plays a versatility that can be exploited to tune the electronic transport
properties in the junction just by changing the anchoring position of
the molecule in the electrode. Indeed, due to the lattice mismatch,
upon adsorption on Ru(0001), graphene adopts a pronounced and
strongly corrugated (> 1 Å) moiré superstructure [43–45] character-
zed by the presence of well-defined physisorption and chemisorption
omains [46]. These domains correspond, respectively, to the upper
nd lower regions of the moiré. This strong structural modulation of
raphene is accompanied by a similarly strong spatial modulation of
ts electronic properties [47], which reflects in the localized nature
f the electronic states close to the Fermi level in the upper regions
nd above the Fermi level in the lower regions. These properties have
een and are currently exploited in many laboratories to selectively
ind molecules in specific sites [37], to catalyze chemical reactions
2

n different regions of the moiré [48], to generate single-molecule
magnetic impurities [49,50] or to build long-range magnetic order in
self-assembled monolayers of organic molecules [51], to name a few
examples.

In this work, we theoretically investigate how to exploit these
unique electronic properties of Gr/Ru to tailor single-molecule con-
ductivity in 4-aminophenyl and 4-aminobenzonitrile by varying their
anchoring positions on a bottom Gr/Ru electrode in the presence of a
Ru STM tip. We have chosen these molecules because of the different
nature of the chemical bonding with the substrate. 4-aminophenyl
has a radical character, so that it is prone to covalently bind to the
substrate. This molecule has been synthesized by Rudnev at al [31]
and Tehrani et al. [52] by means of electrochemical grafting of 4-
nitrobenzenediazonium salts and subsequent electrochemical reduction
of the nitro groups to amine. Using a similar approach, Ambrosio
et al. [53] have shown that this is also possible for closely related
aminophenyl compounds. In all three experiments, the synthesized
molecules form covalent bonds with a graphite substrate, so that one
can also expect to do so with Gr/Ru. In contrast, 4-aminobenzonitrile
cannot make a covalent bond with the substrate. This is supported by
previous experiments showing that molecules containing an additional
CN group can only physisorb on Gr/Ru (see, for instance, [49,51].
Thus, in this case, the Ru tip must be used to pull the molecule
from the bottom electrode. We have performed state-of-the-art fully
atomistic density functional theory (DFT) and transport calculations
in the Gr/Ru-molecule-Tip(Ru) junctions for bias voltages between
−2 and +2 V. We have found very different values of the induced
currents when comparing upper and lower anchoring positions in the
Gr/Ru moiré, irrespective of the chosen molecule. These values can
differ by more than an order of magnitude at specific bias voltages.
Furthermore, the difference can be modulated at will by just vary-
ing such bias. Interestingly, for bias where differences in the electric
current are more pronounced, 4-aminophenyl and 4-aminobenzonitrile
behave quite differently: for 4-aminobenzonitrile, the largest current
values are obtained for molecules anchored on the lower areas of
the moiré, while for 4-aminophenyl the largest value is obtained on
the intermediate areas. These results prove that Gr/Ru is indeed a
very promising system to tailor single-molecule electric conductivity
under experimental conditions that are rather standard in nowadays
laboratories.

2. Theoretical methods

2.1. Construction of the junctions geometries

To evaluate the conductance as a function of the anchoring posi-
tions on the Gr/Ru bottom electrode (Fig. 1c), we have considered
a graphene monolayer epitaxially grown on a 3-layer Ru(0001) slab.
Following Refs. [46,47], the moiré pattern distinctive of this potential
electrode has been represented by a 11 × 11 graphene supercell on a
10 × 10 Ru supercell -the lattice parameters of Gr and Ru are 2.46 Å and
2.70 Å, respectively. First, we have performed a geometry optimization
of the system by means of density functional theory (DFT) within
the generalized gradient approximation (GGA) as implemented in the
plane-wave based licensed-code VASP [54]. In applying the GGA, we
have used the PBE functional [55] including van der Waals corrections
as proposed by Tkatchenko and Sheffler [56]. In all calculations, the
projector augmented wave (PAW) method [57] has been used to de-
scribe the interaction between the core electrons and the nuclei. The
cut-off energy of the plane-wave basis was set at 400 eV, and the
optimizations have been computed at the 𝛤 point in the reciprocal
space until the forces acting on the atoms were less than 0.01 eV/Å.
Geometry optimization of the Gr/Ru bottom electrode has been carried
out by fixing the two bottom Ru layers allowing the outermost Ru
layer and the Gr to relax. The upper electrode, formed by a 4-atoms
pyramidal tip and 3 layers of Ru(0001), has been optimized relaxing

only the tip and the outermost layer, using the same convergence
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Fig. 1. Optimized geometries for tip-molecule-graphene surface arrangements with (a) 4−aminobenzonitrile and (b) 4−aminophenyl molecules at FCC- HCP position scheming
forward and reverse current, respectively. (c): Top view of the positions under study: HCP-TOP (black circle), MID1 (red circle) and FCC-HCP (light blue circle). (d) and (e): Side
view of the positions shown in (c), using 4−aminobenzonitrile and 4−aminophenyl, respectively.
Table 1
Optimized junction distances between the closest atoms of one electrode (tip or graphene) and the molecule. Binding/Adsorption energies in
eV of both molecules on top of the Gr/Ru surface.

System Site Aniline - 𝑑 (Å) 4-Aminobenzonitrile - 𝑑 (Å)

Ru𝑡𝑖𝑝−N𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 C𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−C𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 Ru𝑡𝑖𝑝−N𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 N𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−C𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

Tip-Molecule – 2.21 – 2.24 –

Graphene-Molecule
HCP-TOP – 1.57 – 2.88
MID1 – 1.57 – 3.28
FCC-HCP – 1.57 – 3.04

Tip-Molecule-Graphene
HCP-TOP 2.21 1.56 2.26 3.02
MID1 2.17 1.57 2.21 3.29
FCC-HCP 2.21 1.56 2.23 3.08

System Site Binding/Adsorption energy (eV)

Aniline 4-Aminobenzonitrile

Molecule−Gr/Ru
HCP-TOP −3.15 −0.52
MID1 −1.80 −0.42
FCC-HCP −1.25 −0.15
criteria as for the bottom electrode. The optimization of the molecule
adsorbed on the Gr/Ru electrode has been accomplished allowing the
Gr and the molecule to relax, whereas the 3 layers of Ru are kept
fixed. In this case, the convergence criterium has been set to 0.05
eV/Åfor the forces acting on the atoms. We have also optimized the
subsystem formed by the top-electrode and the molecule, allowing for
relaxation of the tip and the molecule’s atoms. From these calculations,
we obtained the optimized junction distances shown in Table 1 -see Tip-
Molecule and Graphene-Molecule entries. Finally, we have constructed
and re-optimized the full junction geometry starting from the previ-
ously optimized distances, by simultaneously relaxing the positions of
all atoms in the molecule, the graphene atoms, the topmost-layer atoms
of Ru and the tip, using 0.05 eV/Åas atomic force limit. The optimized
distances are also given in Table 1 -see Tip-Molecule-Graphene entry.

2.2. Transmission calculations

Using the above optimized geometries, we have computed the trans-
missions functions using the TRANSIESTA/TBTRANS packages [58].
TBTRANS is used as a post-processing procedure and is needed to
calculate the transmission and current-intensity (I–V) curves from the
3

TRANSIESTA output. In these calculations, we first set the full sys-
tem by adding 4 more layers of Ru(0001) to the bottom-electrode
and 2 more Ru layers to the top-electrode, as a good compromise
between accuracy and computational effort. Then, we have performed
a single-point calculation using the TRANSIESTA methodology employ-
ing 4-layer Ru bulk in both sites, from the full system, as semi-infinite
electrodes. As in the previous DFT optimization calculations, the PBE
[55] exchange–correlation functional has been used. A single-𝜁 polar-
ization basis set has been used to describe the valance electrons of
Ru atoms and a double-𝜁 polarization for all the rest. In all cases, we
have used a mesh cutoff energy of 200 Ry. The first Brillouin zone
has been described using a 2 × 2 × 1 k-mesh, and the core electrons-
nuclei interaction by means of norm-conserving pseudopotentials. After
obtaining the Hamiltonian, we have computed the transmission func-
tions with TBTRANS using a 8 × 8 × 1 k-mesh. We have also computed
the transmission functions under non-equilibrium conditions. To do so,
we have performed TRANSIESTA calculations increasing (decreasing)
the bias by 0.5 V from 0 V until 2.0 (−2.0) V was reached. Once
all Hamiltonian matrices were obtained, we performed spline inter-
polations within the TBTRANS code to obtain transmission functions
at biases ∈ [−2.0 V; 2.0 V] with 𝛿V = 0.1 V. Additionally, TBTRANS
integrates the transmission function in the momentum space (𝒌-space)
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Fig. 2. Current as a function of the applied bias at different anchoring positions (see Fig. 1) for (a) 4−aminobenzonitrile and (b) 4-aminophenyl. In both cases the current is
measured from the Gr/Ru surface to the tip. The inset shows the rectification ratio (RR), i.e., Iforward/Ireversed, where at positive biases forward current flows from Gr/Ru to the
tip, while the opposite occurs at negative biases.
from bottom to top electrodes, 𝒯𝐵𝑇 , to obtain the electrical current,
I𝐵𝑇 , as [58]:

I𝐵𝑇 =
G0
2|𝑒| ∫ ∫𝐵𝑍

𝑑𝒌𝑑𝜀 𝒯𝐵𝑇 ,𝒌(𝜀)[𝑛𝐹 ,𝑇 − 𝑛𝐹 ,𝐵], (1)

where G0 = 2𝑒2∕ℎ is the quantum conductance and 𝑛𝐹 ,𝐵∕𝑇 stands
for the Fermi distribution associated to the chemical potential, 𝜇, and
the temperature, 𝑘𝐵𝑇 , correspond to the electrode 𝐵∕𝑇 . Analogous
expressions have been used for current flow from the top electrode to
the bottom one, I𝑇𝐵 .

3. Results and discussion

For both, 4-aminophenyl and 4-aminobenzonitrile, we have consid-
ered 3 different anchoring sites on the moiré pattern. HCP-TOP, MID1
and FCC-HCP (see Fig. 1), corresponding to the lower, intermediate and
higher regions of the moiré, respectively. As previously mentioned, 4-
aminophenyl forms a covalent C–C bond with the bottom electrode. Our
analysis of the adsorption properties of this system reveals adsorption
energies between −1.25 eV, for the FCC-HCP site, and −3.15 eV for the
HCP-TOP site, and a C𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 - C𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 distance of 1.57 Å, for the three
sites (see Table 1). These values are consistent with those expected for
chemisorption. On the other hand, the computed adsorption properties
for 4-aminobenzonitrile on Gr/Ru are compatible with physisorption:
adsorption energies range between −0.15 eV (FCC-HCP) and −0.52 eV
(HCP-TOP), and the N𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒-C𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 distance between 3.28 Å (MID1)
and 2.88 Å (HCP-TOP), as shown in Table 1.

Fig. 2 shows the calculated current flows on these sites at the non-
equilibrium regime considering an addition of a chemical shift equal
to 𝑉 ∕2 and −𝑉 ∕2 to the Gr/Ru bottom-electrode and tip electrode,
respectively, where 𝑉 ∈ [−2.0 V; 2.0 V] is the potential. Thus, at positive
biases (see Fig. 1a), the current flows from the Gr/Ru bottom-electrode
to the tip, while, at negative biases (see Fig. 1b), the other way around.

As can be seen, irrespective of the chosen molecule, the calcu-
lated currents strongly depend on the anchoring position and can
differ by more than an order of magnitude at specific bias voltages.
For 4-aminobenzonitrile, the largest values are obtained at positive
biases, while, for 4-aminophenyl, they show up at negative biases.
For 4-aminobenzonitrile and positive bias voltages, the values of the
current at the lower areas of the moiré (HCP-TOP, black curve in
Fig. 2a) are much larger than those at the intermediate and higher
areas (MID1 and FCC-HCP). Similarly large differences in the current
can be observed for 4-aminophenyl at negative bias, although in this
case the largest absolute values correspond to the intermediate area of
the moiré (MID1, red curve in Fig. 2b). As we will show below, this
pronounced site-dependent conductivity is the consequence of the very
different electronic structure of Gr/Ru on the different areas of the
4

moiré. Importantly, these results suggest that the ability of Gr/Ru to
strongly modulate the currents does not seem to depend on the nature
of the binding between the molecule and the Gr/Ru electrode (strong
covalent binding for 4-aminophenyl and weak dispersive binding for
4-aminobenzonitrile). However, the specific type of modulation does
depend on the particular molecule and binding properties.

Interestingly, the I-V curve exhibits a pronounced asymmetry for
both molecules, pointing to a rectifier behavior. The insets in Fig. 2
show the corresponding rectification ratios (RR). As can be seen, these
ratios depend on the bias polarity. As the currents themselves, the
RRs depend very much on the anchoring sites for both molecules.
For the FCC-HCP and HCP-TOP anchoring sites, 4-aminobenzonitrile
barely shows any rectification between ∼-1 and ∼+1 V, i.e. RR≈1. Thus,
for |𝑉 | < 1V, the current can flow equally well in both directions.
Elsewhere, the RR oscillates around 1. For the MID1 anchoring position,
the RR oscillates in the whole range of bias voltages. For all sites, the
RR reaches the largest values (up to 5 for the HCP-TOP and MID1
sites) at 𝑉 ≥ 1 V, meaning that in this region the current from the
Gr/Ru surface to the tip flows much more easily than in the opposite
direction. This effect, called ‘‘asymmetric differential resistance’’[59–
61], is due to the asymmetry and orbitals alignments of the molecules
coupled to both contacts (see below). For 4-aminophenyl (Fig. 2b), the
RR is significantly different from 1 over the whole range of bias voltages
(except, obviously, at zero voltage). In this case, the largest RRs appear
at 𝑉 ≤ −0.5 V for all 3 anchoring positions, i.e., the current from the
tip to the Gr/Ru surface is favored. However, as in the case of the 4-
aminobenzonitrile molecule, aniline also exhibits a strong modulation
of the RRs with the anchoring site, being approximately 5 times larger
in the FCC-HCP and MID1 sites than in the HCP-TOP site.

To understand the origin of the pronounced site-dependence of the
calculated currents and RRs, as well as the different nature of the
chemical binding of 4-aminophenyl and 4-aminobenzonitrile with the
electrodes, it is useful to look at the corresponding transmission (Fig. 3)
and eigenchannel (Fig. 4) functions at zero bias. Fig. 3 displays the
transmission functions, 𝒯 (𝜀), as functions of energy for both molecules.
One can see that the transmission values are systematically higher for
4-aminophenyl than for 4-aminobenzonitrile. This is a consequence of
the covalent bond between 4-aminophenyl and Gr/Ru, which implies
higher hybridization of the molecule and surface states, thus leading
to new energy levels and hence enhancing the tunneling mechanism.
This statement is further supported by the shape of the eigenchannels
at the HOMO and LUMO positions, as well as at -0.5 eV, shown
in Fig. 4. As can be seen, orbitals at the molecule-Gr/Ru interaction
region are more delocalized in the Gr/Ru-4-aminophenyl-Ru system,
as expected for covalent bonding (see also Figs. S1–S4 of the SI).
For 4-aminobenzonitrile (Fig. 3a), the largest peaks, associated with
transmission through the HOMO and LUMO orbitals of the molecule, lie



Applied Surface Science 646 (2024) 158943J.G. Fallaque et al.
Fig. 3. Transmission functions at the different positions anchoring positions (see Fig. 1) for (a) 4-aminobenzonitrile and (b) 4-aminophenyl. Dashed black lines indicate to the
Fermi level.
Fig. 4. Eigenchannels at the HOMO (top row, isovalue=0.05) and LUMO (middle row, isovalue=0.05) positions and at ∼ 0.5 eV (bottom row, isovalue=0.02) for 4−aminobenzonitrile
and 4-aminophenyl. Energy levels obtained from Fig. 3. For simplicity, the eigenchannels for the two transmission directions are plotted in the same panel; decoupled eigenchannels
can be found in Figs. S1 and S4 of the SI.
well below and above the Fermi level, respectively. This result, together
with those shown in Fig. 4 (and S1 of the SI) showing the coupling of
5

the HOMO and LUMO eigenchannels with both electrodes (much higher
in the case of the Ru electrode), point to a non-resonant transport
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through the frontier orbitals. In the case of 4-aminophenyl, the coupling
of the frontier orbitals of the molecule with the Gr/Ru electrode is much
stronger, as shown in Fig. 4. But the transmission function exhibits a
larger HOMO-LUMO gap (Fig. 3b) due to the smaller number of orbitals
involved in its 𝜋-delocalization. The conjunction of these two effects
leads to transport via a non-resonant coherent tunneling mechanism.
Beyond the HOMO and LUMO peaks, in Fig. 3 we also observe a small
peak at ∼ −2 eV, which appears independently of the molecule or the
anchoring position. This peak is strongly related to the overlap of the
nitrogen lone pair with the Ru orbitals of the tip (see Fig. S2 of SI), and
it is more pronounced in 4-aminophenyl because of the covalent nature
of the bond between the molecule and graphene.

Another interesting feature that can be observed in Fig. 3, for both
molecules, is the presence of a peak at -1.5 eV for the FCC-HCP
anchoring position. This peak is due to localization of the electron
density in between the graphene layer and Ru(0001) in the higher
regions of the moiré, i.e., to the formation of a quantum dot as a
consequence of the Gr/Ru decoupling in those regions [46]. This effect
can be further confirmed by looking at S3 of the SI, where we have
displayed the eigenchannel closest to −1.5 eV for both systems. From
this figure, we can see that this eigenchannel extends all over the moiré
hill. In the case of 4-aminophenyl this eigenchannel also extends over
the molecule due to the covalent bond. Finally, for 4-aminophenyl, we
can also observe a broad peak centered at -0.5 eV (see Fig. 3b), more
pronounced for the FCC-HCP anchoring site, but with larger amplitude
at the MID1 site due to the larger delocalization of the electrons
across the molecule/surface interphase. The presence of this peak can
be attributed to hybridization between the molecule orbitals and the
graphene bands. This hybridization phenomenon can be inferred from
the shape of the eigenchannel at -0.5 eV shown in Fig. 4 bottom
panel (and in S4 of the SI). This peak does not appear in the Gr/Ru-
4-aminobenzonitrile-Ru transmission function because physisorption
does not lead to orbital hybridization.

Although for each individual molecule the gross features of the
transmission functions are very similar at the three anchoring sites,
there are quantitative differences between the corresponding trans-
mission values, which are at the origin of the strong modulation of
the calculated currents and RRs with the anchoring site. From the
analysis of the eigenchannel functions shown in Fig. 4 (and Fig. S1
in the SI), we observe that, for both molecules, there is a substantial
overlap of the HOMO and LUMO frontier orbitals with those of the
Ru top electrode irrespective of the anchoring site, which allows for
zero-bias conductance. In contrast, none of the frontier orbitals of the
4-aminobenzonitrile overlap with those of the bottom Gr/Ru electrode
at any anchoring position (except for the very weak interaction of the
HOMO on the FCC-HCP site -see S1 of SI-). For 4-aminophenyl, we
observe a different behavior. In this case, the interaction between the
HOMO orbital of the molecule and graphene increases as the molecule
approaches the HCP-TOP site. The LUMO orbital, on the other hand,
significantly overlaps with the graphene orbitals, showing that for this
molecule the zero-bias conductance is dominated by the LUMO.

Although at zero-bias there is no overlap between the frontier
orbitals of 4-aminobenzonitrile and graphene at any of the studied
anchoring sites, one can still overcome the energy barrier and re-
duce the energy gap by applying a positive bias, which improves the
alignment of the Gr/Ru conduction bands with the molecular orbitals.
This procedure enhances notably the conduction through a tunneling
mechanism, as can be seen in Fig. 2a. This enhancement is particularly
remarkable at the HCP-TOP anchoring site (the lower region of the
moiré) due to a increase of the interaction between the molecule and
the bottom Gr/Ru electrode, which is close to produce a true chemical
bonding. When applying a negative bias, the energy levels of the tip
bands that already had a significant overlap with the molecule’s orbitals
are shifted. As a result, the current increases due to the reduction of the
6

potential barrier, but not as much as with a positive bias.
There is an interesting phenomenon observed at the FCC-HCP site
for both molecules. Although the electron density on this site is large
and the overlap between the molecule’s orbitals and the graphene ones
is favored, the current increases less at positive biases than in the other
sites. At the FCC-HCP position, the distance between the graphene sheet
and the Ru substrate is the largest in the moiré, and the electrons
are localized in the quantum dot lying in between graphene and Ru.
This reduces the overlap of the frontier orbitals with the Ru orbitals
and makes electron tunneling more difficult. For both molecules at
positive biases, a visual inspection of the molecule-Gr/Ru interaction
in Fig. 4 (and Figs. S1, S2, S3 and S4 of the SI) indicates that the
highest currents should be expected at the HCP-TOP site, followed by
the MID1 site, and then the FCC-HCP site for both molecules. However,
4-aminophenyl exhibits a different behavior. Although the interaction
of this molecule with the lower electrode at the three anchoring sites
varies following the previous criteria, a positive bias does not further
improve the alignment of the 4-aminophenyl and Gr/Ru levels due
to the covalent nature of the aniline-graphene interaction. The actual
trend followed by the current can be understood by analyzing the
interaction with the upper electrode (tip). Fig. 4 shows a slightly higher
overlap at the MID1 site over the HCP- TOP site in all the eigenchannels.
Therefore, at positive bias, we would expect higher current-intensity at
this position as evidenced in the I-V curve, Fig. 2b. On the other hand,
the current can be notably enhanced by improving the alignment of the
molecule’s orbitals with the electrode states, i.e. improving the overlap
with the tip. Therefore, when applying a negative bias, one can exploit
all the states formed during the hybridization, previously discussed,
and improve the tunneling mechanism. Finally, at negative bias the
current has higher absolute values at the MID1 position. To complement
our hypothesis regarding the bias polarity we have computed the
transmission function for both molecules, in Figs. 5 and 6, at −1.5 V and
1.5 V as a reference for negative and positive biases, respectively. And,
to further support the analysis we have plotted their eigenchannels at
the Fermi level in Figs. S7 and S8 of the SI. For both molecules, the
results we have obtained are in complete agreement with our previous
conclusions.

Aiming to understand whether the quantum dot present under the
upper regions of the Gr/Ru moiré has a significant influence in the con-
ductance of 4-aminobenzonitrile, taking into account the physisorption
nature of its interaction with graphene, we have run simulations for
the Gr/Ru-4-aminobenzonitrile-tip system for two extra anchoring sites,
FCC-TOP (between HCP-TOP and MID1) and MID2 (between MID1 and
FCC-HCP) (see Fig.S5 of the SI). Interestingly, the transmission function
(see Fig. S6a of the SI) at the MID2 position shows a contribution of
the quantum dot that can be seen at the same energy level as in FCC-
HCP. However, the amplitude of this peak is insignificant and does not
contribute to increase the current in comparison with the MID1 site (see
also Fig. S6b of the SI). At the FCC-TOP site, the effect is similar and the
transmission function is alike to that at the HCP-TOP site, both without
a significant contribution of the quantum dot.

4. Conclusions

In this work, we have shown, by means of fully atomistic DFT and
transport calculations performed on 4-aminophenyl and
4-aminobenzonitrile, the potential of Gr/Ru electrodes to customize
single-molecule conductivity. Thanks to their sizeable moiré pattern,
which spatially modulates the geometric and electronic structure, the
conductance can be modified by simply changing the anchoring site of
the molecule within the electrode. We have found that, for the two
investigated molecules, induced currents and rectification ratios are
very different in the upper and lower anchoring positions of the moiré
and that they can be monotonously varied by gradually moving the
molecules from the former to the latter position. The variations in the
currents can be as large as an order of magnitude, and up to a factor of

5 in the rectification ratios. These differences can also be modulated at
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Fig. 5. Non-equilibrium transmission functions at (a) −1.5 V and (b) 1.5 V at positions shown in Fig. 1 using 4-aminobenzonitrile as single-molecule junction. Dashed black lines
indicate to the Fermi level.
Fig. 6. Non-equilibrium transmission functions at (a) −1.5 V and (b) 1.5 V at positions shown in Fig. 1 using 4-aminophenyl as single-molecule junction. Dashed black lines
indicate to the Fermi level.
will by just varying the bias voltage. For bias voltages where differences
in the electric current are more pronounced, 4-aminophenyl and 4-
aminobenzonitrile behave quite differently: for 4-aminobenzonitrile,
the largest current values are obtained for molecules anchored on
the lower areas of the moiré, while for 4-aminophenyl the largest
value is obtained on the intermediate areas. This is due to the very
different nature of the chemical bond between the molecule and the
Gr/Ru substrate: covalent for 4-aminophenyl and dispersive for 4-
aminobenzonitrile (physisorption). At the highest regions of the moiré,
conductance has been found to be nearly independent of the nature of
the molecule-Gr/Ru bonding. In this case, both molecules experience
a reduction in their transport properties due to the weak coupling
with the Gr/Ru electrode. In summary, our results show that Gr/Ru is
indeed a very promising system to tailor single-molecule conductivity
under the experimental conditions commonly found in nowadays lab-
oratories. We expect that the present study will encourage additional
experimental and theoretical measurements for its implementation as
usual electrode in molecular electronics.
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