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The interest in graphene (a carbon monolayer) adsorbed on metal surfaces goes back to the 60’s, long before
isolated graphene was produced in the laboratory. Owing to the carbon-metal interaction and the lattice
mismatch between the carbon monolayer and the metal surface, graphene usually adopts a rippled structure,
known as moiré, that confers it interesting electronic properties not present in isolated graphene. These moiré
structures can be used as versatile templates where to adsorb, isolate and assemble organic-molecule structures
with some desired geometric and electronic properties. In this review, we first describe the main experimental
techniques and the theoretical methods currently available to produce and characterize these complex systems.
Then, we review the diversity of moiré structures that have been reported in the literature and the consequences
for the electronic properties of graphene, attending to the magnitude of the lattice mismatch and the type of
interaction, chemical or physical, between graphene and the metal surface. Subsequently, we address the
problem of the adsorption of single organic molecules and then of several ones, from dimers to complete
monolayers, describing both the different arrangements that these molecules can adopt as well as their physical
and chemical properties. We pay a special attention to graphene/Ru(0001) due to its exceptional electronic
properties, which have been used to induce long-range magnetic order in tetracyanoquinodimethane (TCNQ)
monolayers, to catalyze the (reversible) reaction between acetonitrile and TCNQ molecules and to efficiently
photogenerate large acenes.

1. Introduction spectroscopy (AES) [5]. This graphitic phase was found to persist over a

large range of temperatures [6,7]. In first studies performed in the 70’s,

Although there is a general consensus in the scientific community
that 2004 is the year of birth of graphene science, promoted by the
pioneering work of Geim and Novoselov [1], evidence of graphene
formation on metal surfaces goes back to 1969 [2], although at that time
it was called monolayer of graphite or carbon monolayer. In standard
preparation procedures, these carbon monolayers originate from the
segregation of bulk carbon impurities to the metal surface during
annealing at high temperatures in Ultra-High Vacuum (UHV) conditions
[3]. The seggregated carbon impurities can nucleate as graphitic
monolayers on almost any transition metal [4]. For instance, a graphitic
monolayer was experimentally observed on nickel via Auger electron
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a single graphite layer was observed experimentally on platinum via AES
and low-energy electron diffraction (LEED) [8,9], and in rhodium via
AES, LEED and thermal desorption spectroscopy (TDS) [10]. Since then
and until 2004, this carbon segregation and the resulting carbonaceous
or graphitic monolayers were widely observed as unexpected and/or
unwanted by-products, preventing access to the originally devised sur-
face or even poisoning some intended catalytic reactions. During the
80’s and 90’s, several experimental techniques were used to study the
presence of these two-dimensional carbon phases [11]. For example,
angle-resolved photoemission spectroscopy (ARPES)' was used to study
carbon-induced two-dimensional energy bands on Ru(0001) [14,15]

1 The development of ARPES allowed for the characterization of the Dirac cone on graphene grown on weakly interactioning substrates [12,13].

https://doi.org/10.1016/j.surfrep.2022.100575

Received 16 February 2022; Received in revised form 6 June 2022; Accepted 11 July 2022

Available online 18 September 2022

0167-5729/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:crdiaz08@ucm.es
www.sciencedirect.com/science/journal/01675729
https://www.elsevier.com/locate/surfrep
https://doi.org/10.1016/j.surfrep.2022.100575
https://doi.org/10.1016/j.surfrep.2022.100575
https://doi.org/10.1016/j.surfrep.2022.100575
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfrep.2022.100575&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Diaz et al.

and also the decomposition of acetylene to graphitic and carbidic car-
bon, via desorption of hydrogen, on clean and K-covered Co(0001) [16].
This later phenomenon was also studied using X-ray photoelectron
diffraction (XPD) and TDS. TDS was also used to reveal the graphitic
monolayer formation on several iridium surfaces [17]. Photoemission
energy-loss and ionization-loss spectroscopy techniques were used to
study carbon overlayers on Ni(111) [18]; on Ni(100) a carbon mono-
layer was shown to decompose opening up free Ni sites when the tem-
perature rises enough [19]. Scanning tunneling microscopy (STM)
showed the formation of single and multiple carbon layers upon hy-
drocarbon decomposition on platinum [20,21], nickel [22,23], and
ruthenium [24]. From the 80’s, we also find the first theoretical de-
scriptions [25-27], which showed, for example, the main role that
nucleation and lateral diffusion may play in carbon segregation or the
similarity between the binding configuration of graphitic monolayer on
Ru(0001) and that of bulk RuC.

These first evidences of carbon aggregates formation on metal sub-
strates triggered the interest on these systems. The purposeful growth of
monolayer graphite films onto several substrates by Chemical Vapor
Deposition (CVD) was also reported well before the isolation of gra-
phene [27], but the degree of characterization of the films was
hampered by the existing experimental limitations. Among the most
studied systems in this period, we find monolayer-graphite grown on a
nickel substrate. This system has been investigated using a wide range of
experimental techniques, extended-energy-loss fine-structure spectros-
copy [28,29], ARPES [30], LEED [31], reflection high-energy electron
diffraction (RHEED), and Li-ion scattering spectroscopy [32], revealing
the strong interaction between the graphite monolayer and the nickel
surface, due to the hybridization of the r state of the former with the
d orbitals of the latter, and the single graphite plane slightly expanded
with respect to the graphite bulk. The characterization of graphite
monolayers on several metal surfaces was performed using STM [33],
atomic force microscopy (AFM), and point contact microscopy [34].
Beyond the atomic and electronic structure, the spatial modulation of
the local surface potential [35] and the phonon dispersion [36-38] of
the graphite monolayer were also investigated. At that time, there were
also studies related to intercalation of atoms [39-43] and even mole-
cules [44,45] between the graphite monolayer and the metal surface.
These studies showed, for example, the great thermal stability of the
intercalated elements, which remain underneath the monolayer upon
heating up to the annihilation temperature of graphite [43]. In the case
of graphite monolayer on Ni(111), it was shown, analyzing the surface
phonon dispersion, measured via high-resolution electron energy loss
spectroscopy (HREELS), that the intercalation of noble-metal atoms,
such as Cu [40,41] and Ag [42], weakens the strong interaction between
the graphite monolayer and Ni(111) due to the small charge transfer
from the noble-metal atoms to the z-state of graphite. On the other hand,
the intercalation of rare earth atoms [41] also decouples the graphite
monolayer from the Ni substrate, but in this case as a consequence of the
strong interaction between the graphite monolayer and the rare-earth
atoms.

However, the real interest of the scientific community for these
monocrystalline graphitic films, since then called openly graphene,
began in 2004 when Novoselov et al. [1] showed that such material is
stable under ambient conditions. Since then the topological and elec-
tronic properties of graphene have been widely studied. Due to its
unique electronic properties, graphene has been considered as one
possible candidate for substitution, and/or as a complement, to Si-based
electronics for future applications including spintronics, nano-
magnetoelectronics, and optoelectronics. But, to develop this potential,
one should be able to control the type and the concentration of charge
carriers on graphene. The adsorption of organic molecules on graphe-
ne/metal (hereafter Gr/metal for short) substrates, specially of aromatic
molecules, provides an opportunity to tune the electronic properties of
graphene in a desired way. But to achieve such a control, a detailed
understanding of the organic molecule/graphene interaction, and the
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charge transfer mechanism that governs it, is required. This explains the
efforts invested in studying and analyzing the basic properties that rule
the interactions within these systems (see Refs. [46-49] and refs.
therein). As a result of this commendable effort, it has been found that in
some cases organic molecules can adsorb weakly on freestanding gra-
phene or graphene absorbed on a 6H-SiC(0001) semiconducting surface
[50-52] allowing, for example, the formation of an organic monolayer
but conserving at the same time the properties of the pristine molecules
[53-55]. In addition, the presence of functional groups [56] or the
modification of graphene thickness [57] may tune the magnitude of the
#-m interactions between graphene and the organic molecules. In some
cases, the adsorption of organic molecules, isolated or as monolayer,
may induce graphene functionalization [58], including both p-type
(holes) or n-type (electrons) doping. For example, tetracyanoquinodi-
methane (TCNQ) -see Fig. 6 (b), tetrafluoro-tetracyanoquinodimethane
(F4-TCNQ) -see Fig. 6 (c), tetracyanoethylene (TCNE), 2,3,-dichloro-1,
4-benzoquinone (DDQ), and perylene-3,4,9,10-tetracarboxylic-3,4,9,
10-dianhydride (PTCDA) -see Fig. 6 (e)- induce p-doping of free-
standing graphene and of graphene grown on 6H-SiC(0001) [59-671,
while 4-amino-2,2,6,6-tetramethyl-1-piperridinyloxy (4-amino--
TEMPO), tetrathiofulvalene (TTF), perylene-3,4,9,10-tetracarboxylic-3,
4,9,10-dianhydride-diimide =~ (PTCDI) -see Fig. 6 (d)-, and
vanadyl-phthalocyanine (VOPc) induce n-doping [63,64,66-68].
Accordingly, the co-adsorption of donor and aceptor molecules opens
the possibility to impose a smart control of the electronic properties of
graphene [63,69,70]. The adsorption of organic molecules on graphene
may also lead to controllable magnetic properties [71], or can be used to
build nano-patterns as template for creating, in a controlled manner,
organic molecular structures [72].

On the other hand, the adsorption of graphene on metal substrates,
thanks to the large variety of moiré patterns resulting from the
graphene-metal lattice mismatch [73], opens new possibilities to the
design and growth of increasingly complex systems with well-defined
structural and electronic properties. These moiré patterns, which also
depend on the strength of the chemical bonding at the graphene-metal
interface [74], are very promising and versatile templates where mole-
cules can get adsorbed following the moiré periodicity, thus modulating,
for example, the doping of the systems in the desired manner. Further-
more, the presence of graphene between the metal and the molecule
inhibits or modulates the hybridization between the frontier orbitals
allowing for the tuning, but also for a precise characterization, of the
electronic and magnetic properties of the molecules. These functional-
ities of organic molecules/Gr/metal-substrate systems may play an
important role in the future development of a variety of molecular-based
electronic devices, such as organic solar cells, light emitting diodes and
field-effect transistors.

We start our review by briefly describing the most important
experimental techniques employed to prepare and analyze these kind of
systems, and the theoretical tools, mostly based on density functional
theory (DFT), employed to account for the experimental observations,
paying special attention to the shortcomings and the strategies proposed
to overcome them. Subsequently, in section 4, we briefly describe the
interactions, weak and strong, that lead to the formation of the different
moiré structures, focusing on Gr/Ir(111) as an example of a weak
interaction system, and on Gr/Ru(0001), as an example of a strong
interaction system. We also discuss briefly the effect on the graphene
moiré properties of the intercalation of metal atoms between graphene
and the metallic substrate. Finally, in section 5, we discuss the interac-
tion of organic molecules with Gr/metal substrates, and the one-
dimensional (1D) and two-dimensional (2D) organic structures that
can be formed, as well as the new properties exhibited by these organic
molecule/Gr/metal systems. We pay special attention to the prototype
system TCNQ/Gr/Ru(0001) for which new and surprising properties
have been found. For a more thorough and comprehensive review of Gr/
metal structures, the moiré structures formed as a result of the local
variations of the binding between graphene and transition metal
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surfaces, and how these variations are reflected in the electronic struc-
ture of the template, the reader is invited to read the review by Wint-
terlin and Bocquet [73]. Readers interested in a more in-depth
knowledge of the electronic properties of Gr/metal transition systems,
including graphene with defects and graphene nanoribbons, are invited
to read the review by Batzill [75].

2. Experimental techniques

The concept of ‘modern surface science’ as the study of surfaces
down to the atomic or molecular level can be traced back to the 1950s
when, as a consequence of the space race, UHV technologies were vastly
developed [76]. UHV provided the needed environment in order to keep
surfaces atomically clean for hours or days and hence a myriad of
measurement and growth techniques started to develop at that time.
Nowadays we have countless surface science techniques at our disposal
and some of them, the ones that are more closely related to the present
review, are the subject of this chapter. In section 2.1 we will briefly
describe the techniques that made possible the preparation and char-
acterization of the samples under discussion, while in section 2.2 we will
give a more detailed overview about some aspects of the measurement
technique employed to obtain the main experimental results, namely
STM/STS.

2.1. Sample preparation

Experimental surface science can be viewed as a combination of
sample preparation and characterization techniques under UHV condi-
tions, which developed side by side relying on the feedback provided by
each other. Preparation techniques usually (in the context of the present
review) start from a single crystal surface cleaned by cycles of noble gas
ion sputtering and annealing. Then, the pristine surface can be exposed
in UHV to almost any combination of atoms or molecules either from
solid (sublimation), liquid (evaporation) or gas sources in what is
commonly known as CVD. Well known examples of this, are the growth
of graphene on transition metals [75] or the growth of 2D transition
metal dichalcogenides [77].

Regarding the particular case of the deposition of molecules under
UHV, special attention has to be paid to their possible fragmentation,
either intended or unintended. The reason is that the most common
pressure sensors (usually of the Bayard-Alpert type) and residual gas
analyzers do produce molecular fragments and radicals that can reach
the sample surface. It is often the case that these fragments are more
reactive than the parent molecule and they might end up playing a major
role in the experiment. In fact, this can be taken to our advantage, as it
was recently demonstrated for the covalent functionalization of gra-
phene via molecular radicals produced in this way [78].

Along with preparation, characterization techniques provided in-
formation about the surface atomic structure, chemical composition and
even electronic band structure, to name a few. Regarding surface atomic
structure, the most commonly employed technique is LEED. In a LEED
experiment, an electron beam in an energy range from 20 to 500 eV is
focused on the sample surface while the diffracted electrons are pro-
jected onto a phosphorus coated screen [79]. The purpose of the low
energy range is twofold: on the one hand, the electron wavelength is of
the order of the atomic lattice constant and, hence, the first order
diffraction angles are large enough to be clearly resolved on the screen.
On the other hand, the electron mean free path inside the sample falls
near the minimum of the universal curve, providing sensitivity to the
first few atomic layers only, i.e. surface sensitivity. In this way LEED
provides direct access to the surface atomic reciprocal lattice, allowing
one to determine its crystalline quality as well as the presence of re-
constructions, rotational domains or moiré patterns. This is especially
important in metal supported graphene systems where both the rotation
angle of graphene and the moiré pattern, resulting from the lattice
mismatch towards the substrate, play a major role in the final properties
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of the surface, as it will become evident in the following sections. In
Fig. 1 b, we show a typical LEED pattern obtained for Gr/Pb/Ir(111), i.
e., a Pb intercalated Gr/Ir(111) system.

Regarding chemical composition, two usual techniques are AES and
XPS spectroscopies [80]. Both techniques rely on the formation of
core-level electron vacancies by either high energy electron impact
(AES) or the photo-electric effect resulting from illumination with X-rays
(XPS). AES is based in the analysis of the energy spectrum of Auger
electrons, i.e. electrons that are emitted as a result of the de-excitation of
an outer shell electron to occupy the core-level vacancy. The energy of
the Auger electrons depends exclusively on the energy distribution of
electronic levels in the parent atom which, in turn, is determined by its
chemical identity. XPS, on the other hand, is based on the analysis of the
photo-emitted electrons, whose kinetic energy can be related to their
original binding energy inside the parent atom. Although the issue of
how they exactly relate is far from trivial [81], the binding energy can be
ultimately linked to the chemical species. Surface sensitivity in both
cases is provided by the energy of the emitted electrons (either Auger or
photo-emitted) falling close to the minimum in the universal mean free
path curve and, hence, AES and XPS give access to the surface chemical
composition.

Actually, photo-emission spectroscopy is not only limited to X-rays as
a source, it is also performed with ultra-violet (UPS) or sychrotron ra-
diation, depending on the particular experiment. And, more impor-
tantly, not only the kinetic energy of the photo-emitted electrons can be
measured, their trajectories can also be analyzed in ARPES [82,83]. It
turns out that the emission angle can be related to the momentum of the
initial electronic state and, hence, ARPES gives access to the electronic
band structure of the surface. This is of particular interest in the context
of metal-supported graphene where, by measuring directly the Dirac
cones it is possible to determine the actual effective mass and doping of
the system.

2.2. Sample analysis by STM/STS

As we pointed out in section 2.1, the surface science techniques
developed up to the 80s gave great insight about both the atomic and
electronic structure of surfaces but with a common drawback: they all
are spatially averaged techniques, with a typical sampling size of the
order of hundreds of nm. This situation changed dramatically in 1982
with the invention of STM by Binnig, Rohrer, Gerber and Weibel [84].
STM gave us access to the surface electronic structure with atomic res-
olution, but there are some key concepts that must be understood in
order to fully exploit STM data, at least in what concerns the present
review. We outline them briefly in the following paragraphs.

STM is based in the quantum mechanical principle of electron
tunneling between two electrodes, one of them being the sample surface
and the other a metallic tip mounted in a high precision scanning sys-
tem. The main operating principle is that the vertical position of the tip
is controlled in such a way that a reference tunneling current is estab-
lished and maintained while, at the same time, a lateral scanning action
is performed. This is the so called topographic constant current mode,
and the resulting z(x,y) maps are called STM topographic images. In
Fig. 1 ¢, we show an example of STM topographic image for Gr/Pb/Ir
(111).

In the low temperature limit, following the s-wave approximation
introduced by Tersoff and Hamann in 1983 [85,86] and generalized for
the finite bias voltage case [87], the tunneling current can be expressed
as:

evy
s [ 9ED(E~eV)p,(7.) &)
0

where Vj is the bias voltage applied to the sample, p; is the Density of
States (DOS) of the tip and p,(77) is the local density of states (LDOS) of
the sample evaluated at the tip position .
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Fig. 1. (Color online) Structure of a lead intercalated
Gr/Ir(111) system, determined by LEED and STM. a)
Ball model of the Gr/Pb/Ir(111) system, as deter-
mined from the LEED and STM analysis presented in
the following panels. Lead atoms form a c(2 x 4)-2Pb
structure whose unit cell is represented by the red
rectangle. This structure presents three equivalent
rotational domains according to the three possible
orientations of the lead lattice with respect to the
neighboring graphene and iridium lattices. b) LEED
pattern from an 80% intercalated Gr/Pb/Ir(111)
surface. Black and grey squares mark graphene and
iridium spots, respectively. These spots together with
the absence of any arc at the radius corresponding to
graphene indicate that both lattices are perfectly
aligned, as represented in the ball model of panel a.
Red, green, and blue circles mark the spots coming
from the lead interlayer, which are consistent with
the presence of three rotational domains of the c(2 x
4) structure presented in panel a, hence the three
different colors employed. The c(2 x 4) lattice is
higlighted with dashed lines for the case of the red
domain, as a visual aid. This scenario is confirmed by
the STM data presented in the following panels. c)
STM topographic image acquired on a 20% interca-
lated Gr/Pb/Ir(111) sample. The image presents two
regions, a pristine Gr/Ir region coming from the
bottom left corner (blue tones in the color scale) with
a lead interlayer entering from the upper right corner
(yellow tones in the color scale), both of them
atomically resolved. As indicated by the height profile
presented in the lower inset, graphene’s atomic lat-
tice is the most prominent periodicity detected both
in the pristine and in the intercalated regions, with a
difference in apparent height consistent with the
thickness of a single lead inter-layer. d) Fourier
Transform of a low voltage STM image acquired on a
single domain island similar to the one presented in
panel c. Black and grey squares signal graphene and Ir
spots respectively. The single domain, Pb-derived
spots are highlighted by the red circles and red
dashed lines, as in the case of the LEED pattern of

panel b. Some satellites of the Gr-Ir moiré pattern arising from the lead spots are also present, and marked with purple circles. Finally, due to the STM imaging
conditions, some intervalley scattering features appear at the corners of the surface Brillouin Zone of graphene, which are highlighted by black circles. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

According to eq. (1), and assuming an ideal one-atom tip, an STM
topographic image is just a constant LDOS profile for states inside the
energy window defined by the bias voltage, where the distance between
the LDOS profile and the surface atomic plane is defined by the com-
bination of bias voltage and set-point tunneling current. Therefore, it is
important to remind that STM is ultimately sensitive to the local elec-
tronic structure and that STM topographs are only indirectly related to
the actual topography of the sample. This has important consequences
that we would like to emphasize.

Let us begin with the case of an atomic resolution STM image. In this
case, we are tuning electronic states localized around the surface atoms
and, hence, the topo image could in principle be interpreted as a simple
map of the atomic positions. Note however that, although the atomic
periodicity would clearly be probed in this case, the exact determination
of the atomic positions within the STM image is far from trivial, espe-
cially when more than one atomic species is present [88]. In addition, if
the electronic structure of a given atom is modified for whatever reason
(e.g. the formation of a new covalent bond), its signature in the topo
image will be completely different, even if its actual position is roughly
the same. Interestingly, this can be taken to our advantage, as it will
become apparent further into the present review.

Another interesting case scenario is when imaging adatoms or mol-
ecules adsorbed on the surface. In this case, the energy window defined

by the bias voltage will determine, among other things, if a given Mo-
lecular Orbital (MO) of the adsorbed system participates in the tunneling
process. If this is the case, in principle, the molecule MO could be
‘detected’ in the topo image, although it has to be noted that tunneling
into (or from) MOs might also trigger additional processes like vibra-
tions, desorption, chemical reactions, etc. In the latter case, the
tunneling process becomes inelastic and the lost energy is transferred to
the adsorbate.

On the other hand, if no MO falls inside the energy window, the
molecule would be ‘invisible’ to the STM, in the sense that its orbitals
would not contribute to the constant LDOS profile followed by the tip. In
this case, special attention has to be paid to the tip-sample interaction,
since the tip-molecule distance could be dramatically reduced. Two
possible scenarios arise here, depending on the molecule-surface inter-
action: if the molecule is physisorbed on the surface (weak molecule-
surface interaction) then it could be easily swept away by the scan-
ning action of the tip, which is often the case. On the contrary, if the
molecule is chemisorbed, it could ‘withstand’ the scanning action of the
tip. In this scenario, the only signature of the molecule would be the
change in the substrate electronic structure inside the given energy
window. In the example mentioned before of a molecule covalently
bound to a single substrate atom, the result would be an atomic reso-
lution image of the substrate exhibiting an atom ‘different’ from the rest.
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The case scenarios mentioned so far emphasize that, even in the
topographic mode, STM is ultimately sensitive to the electronic struc-
ture. This characteristic is further exploited in the so called spectro-
scopic mode, or Scanning Tunneling Spectroscopy (STS). In STS, the tip
is usually held at a fixed position over the sample while an I(V) curve (or
more often its derivative) is recorded. Assuming a constant tip DOS in
the energy window defined by the bias voltage, from eq. (1) follows:

% (Vexp, (77, eV) = p,(75,eV) T @
where 7, is the sample position and 7 is a transmission factor that takes
into account the decay of the different states across the tunneling bar-
rier. According to eq. (2), it turns out that the tunneling conductance can
be related to the sample LDOS evaluated at the tip position. Therefore,
STS gives access to the sample LDOS with atomic spatial resolution.

Up to now we have assumed the spin-degenerate case. However, if
we add spin-polarization in both tip and sample, a similar analysis could
be developed for both spin channels independently (assuming that spin-
flip tunneling processes have a negligible contribution to the tunneling
current). The consequence of this is a dependency of the total tunneling
current in the relative orientation of the local magnetization of the
sample and the tip. This can be used to add magnetic sensitivity to STM,
in a technique known as ‘spin-polarized STM’ [89].

The brief overview presented in the previous lines can help under-
standing the amazing development that STM (and other scanning probe
techniques derived from it) has experienced over the past 40 years. From
the original instrument devised in 1982 by Binnig and Rohrer [84], STM
was quickly implemented in different experimental conditions including
gases, liquids and UHV [90], reaching also cryogenic temperatures and
external magnetic fields [91]. By its 10th anniversary, it had been
already used in the study of surface reconstructions, adsorbates, charge
density waves, superconductivity, phonons, magnetism, biology, elec-
trochemistry, tribology or nanolitography, to name a few [92]. From
this point, STM continued its development in many different areas,
having a major role in the field of surface science [93] and, in particular,
in the study of graphene [94]. From the instrumental point of view,
nowadays it is possible to measure under UHV conditions at tempera-
tures as low as 10 mK, attaining an energy resolution of the order of ueV
[95].

3. DFT periodic boundary conditions simulations

Theoretical simulations are very useful, sometimes crucial, to un-
derstand and contextualize experimental measurements. In dealing with
semi-periodic systems, such as molecule/Gr/metal systems, the use of
DFT seems unavoidable nowadays in order to accurately simulate in-
teractions between the different elements. These semi-periodic systems
are usually studied using periodic boundary conditions (PBC) in all three
space directions, although the system is only 2D periodic in the lateral
surface directions because symmetry is broken in the normal direction.

To avoid this inconsistency, a supercell is defined in such a way that
periodic images do not interact with each other along the non periodic
direction. In defining these supercells, one has to determine the mini-
mum number of metal layers needed to simulate the surface and size of
the unit cell in the graphene/metal plane. In the case of a simple gra-
phene layer adsorbed on a metal substrate, the unit cell taken into
consideration is usually the moiré cell itself, even when the actual unit
cell is larger or even infinite (incommensurate systems). Thus, for the
Gr/Ni(111) system, due to the similar lattice constant values of Ni(111)
and graphene, a (1 x 1) unit cell accounts for the whole periodicity [31],
whereas for Gr/Ru(0001), due the lattice constant mismatch, the mini-
mum size required is much larger. For the latter, the presence of a moiré
pattern with a periodicity comprising several atomic lattices requires the
use of a supercell containing a large number of atoms. In the case of
graphene on Ru(0001) the unit cell is even larger than one would expect
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because as it was found by STM measurements the atomic lattices of
graphene and ruthenium were rotated with respect to each other on the
order of 0.3° [96,97]. Interestingly, this rotation is not observable by
X-ray diffraction measurements [98-100] due to the superposition of
rotational domains in the large sampling area of that technique. This
rotation implies unit cell of the order of (133 x 133), corresponding to
an effectively incommensurate system. The commonly accepted moiré
structure for this system is (11.57 x 11.57)R0.3° [97]. Large moiré cells
and non-zero rotation angles, in general, are needed to describe gra-
phene/metal systems such as Gr/Ir(111) [101,102], Gr/Pt(111) [21,35]
and Gr/Rh(111) [103]. For a more detailed analysis of this issue see
Ref. [73] and references therein. When such large unit cells are
employed, only a few k-points are needed to represent the Brillouin zone
of the reciprocal lattice. In fact, for many simulations, only the I" point is
required. Different methods have been proposed to represent the Bril-
louin zone, such as the Monkhorst-Pack [104] and the Chadi-Cohen
[105] schemes. Also several schemes have been proposed to describe
the core electrons, from the computationally expensive norm-conserving
pseudopotentials [106] to the more flexible and computationally
cheaper nonlocal ultrasoft pseudopotentials (USPP) [107], and more
recently the projector augmented wave method (PAW) [108]. Another
important issue to face in performing PBC-DFT calculations is related to
the description of the electronic wave function. The most extended
method is the expansion of the wave function in terms of a discrete plane
wave basis set; although the expansion should include an infinite
number of terms, in practice, it is restricted to a finite number, which is
defined by a cutoff energy value. This is the scheme used in some pop-
ular PBC-DFT codes such as QuantumExpresso [109], DACAPO [110]
and VASP [111]. But the electronic wave function can also be expanded
in orbital-like functions, as in ADF [112], CRYSTAL [113] or SIESTA
[114].

In this theoretical context, we have to deal with the well-known
inherent DFT shortcomings. For the interactions discussed in this re-
view, the description of long-range forces (van der Waals -vdW-) is the
key. First, because due to its z electronic cloud, graphene can be viewed
as an extended aromatic molecule and, as in the case of those [115-120],
the vdW forces play a prominent role on the adsorption energies and the
geometry distortion of both the graphene and substrate as discussed
below. Second, because of the presence of the organic molecules
themselves, most of them containing also a z electronic cloud. In the
context of this review, it should be taken into account that accurate
descriptions of vdW forces based on costly embedded methods, in which
a local interaction region is delimited aiming to accurately describe the
interaction through high-level ab-initio simulations, such as the corre-
lated wave function theory [121,122], cannot be applied for organic
molecule/Gr/metal systems, because the graphene-metal interaction is
itself periodic, and, therefore, its not possible to define a local interac-
tion region. Thus, we have to rely on the different methods proposed to
include long-range dispersion forces in DFT simulations.

3.1. Description of van der waals forces

As mentioned just above and widely discussed in Sec. 4 below, the
interaction between a graphene monolayer and a metal surface is mainly
ruled by vdW forces. Even in systems where graphene is chemisorbed,
the role of vdW forces has been found to be very noticeable. An example
of this phenomenon is given by the interaction of graphene with the Ru
(0001) surface. For this system, it has been shown that the inclusion of
vdW forces is crucial to understand and properly describe the moiré
pattern measured experimentally. Whereas theoretical simulations
based on standard DFT predict a corrugation between 1.5 and 1.7 A
[123-126], higher than the typical range of values found experimen-
tally, between 0.15 and 1.5 A [96,98,127,128], the inclusion of vdW
forces lowers this value down to ~ 1.2 A [129] (see Fig. 2 top panels),
showing the significant effect of vdW in a system where chemisorption is
the dominant interaction. Thanks to the inclusion of vdW effects,
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Fig. 2. (Color online) Top panel: Ground state geometry of (11 x 11) graphene
adsorbed on a (10 x 10) Ru(0001) supercell calculated with DFT + vdW.
Middle panel: Residual forces, represented by arrows, acting on the C atoms at
the DFT and DFT + vdW level. Bottom panel: Apparent corrugation as a
function of the bias voltage (V). Adapted from Ref. [129]. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

theoretical simulations were able to accurately reproduce the apparent
corrugation found in STM experiments as a function of the bias-voltage
(see Fig. 2 bottom panel).

In the example given above, vdW interactions were taken into ac-
count through the empirical correction proposed by Grimme [130]
(DFT + D). In this approach, the total energy Eppr - p is written as Eppr
p = Eppr + Ep, where Eppr is the self-consistent Kohn-Sham energy,
commonly computed within the generalized gradient approximation
(GGA), and Ep, is a dispersion term given by:

Nu—1 =N Cl 1
Ep = s6 Zi:l ijiﬂ ng 1+ e*‘l(Ru/Ro*ly 3)

where N, represents the number of atoms, s is a global scaling factor, R;;
the interatomic distance, Ro the sum of atomic vdW radii, C; the
dispersion coefficient, and a a scaling factor. A subsequent, improved
variant to this approach (DFT + D2) was proposed in 2006 [131] aiming
to provide better corrections at intermediate distances. This approach
has been used, for example, to describe the strong chemical interaction
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between Graphene and Rh(111) [103,132]. However, the use of the
DFT + D and, especially, the DFT + D2 approaches to study systems
involving metal atoms can be questioned due to the lack of metallic
systems in the benchmark series used to test their accuracy. A further
improved (DFT + D3) was proposed in 2010 [133] incorporating
atom-pairwise specific dispersion coefficients and cutoff radii computed
from first principles. In this latter approach the dispersion term is
written as Ep = Eop + E3p, where the two-body term (E3p) is given by:

ci 1
w==D D S e )

ij n=648.... ij

In this equation the first sum runs over all pairs, and CJ represents the ny,
order dispersion coefficient for the atoms pair ij. The three-body term
(E3p), on the other hand, is given by:

Cgk(Scos 0;cos 0;cos O + 1) 1

e » ) 5)
(RjRxRx)’ 1+ 6(Rijk/(sr‘3ng)) z

where the sum runs over all atom triples ijk in the system, Ry represents
the geometrically averaged radii, and 6y, 6, and 0 are the internal an-
gles of the triangle formed by Ry, Rjx, and Ri.

An alternative correction method, also based on empirical terms
correction, was proposed in 2009 by Tkatchenko et al. [134]. There, the

isotropic C! term is written as:

ci :% / i)ty ), ©)
0

a;/j being the frequency-dependent polarizability of i and j evaluated at
imaginary frequencies. In this approach, the dispersion coefficient and
the vdW radii are obtained from the mean-field ground-state electron
density for molecules and solids. The method uses the electron density to
compute the relative polarization of an atom in a molecule. A further
improvement of this method was proposed in 2012 [135,136] making
use of the self-consistent screening equation of classical electrody-
namics, which allows one to take into account the many-body collective
response of the substrate electrons. This correction has also been shown
to reproduce accurately the Gr/Ru(0001) interaction, as well as the
adsorption of organic molecules and their reactivity on this substrate
[137].

Dispersion forces can also be taken into account using the method
originally developed by Lundqvist et al. [138] and its different imple-
mentations [139-141], which include the effect of vdW forces adding a
nonlocal electron correlation function (E™) to the standard
exchange-correlation functional. So that

E, = ESO" + EIPY + EY )

where ES% is the exchange energy computed using the generalized
gradient approximation and E-” the correlation energy computed
within the local density approximation framework. E¥ is computed
using a model response function. The actual form of this response
function has been the subject of some controversy [142-144]. This
method has been less used mostly due to its high computational cost,
however the development of efficient algorithms [145] that speedup the
calculations places this method at the same level of usefulness as those
mentioned above.

3.2. STM simulations: the Tersoff-Hamann approach

From the DFT calculations, one can obtain directly or indirectly the
main observables that can be measured experimentally or infered from
the experimental results. A good agreement between theory and
experiment allows for an accurate characterization of the system under
study. For example, one can compute adsorption energies of a molecule
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adsorbed on a substrate, graphene, metal or graphene/metal, simply as
Euis = molec+subs [Emole(r + Esubs]7 (8)

where Epolec + subs» Emolecs Esubs are the computed DFT energies for the
complex molecule/Gr/metal substrate, the isolated molecule, and the
complex Gr/metal substrate, respectively. In the case of a monolayer of
molecules, one can compute the adsorption energy of the monolayer per
molecule as

EZ/ZJL\ = (EML+.mbs - [EML + Embs])/m, (9)

where Epy and Epy 4+ supbs represent the computed DFT energy of the
monolayer and the monolayer-substrate complex, respectively. This
equation can be generalized for n monolayers as

E™" = (Euvptsubs — [Evr + E-1)ML4subs)) / m. (10)

One can also compute the lateral intermolecular interaction energy per

molecule (Ej,) as

Ei = (EML - mEmu/ec)/m7 an

m being the number of molecules per supercell in the calculation.
Similarly, we can compute the electronic density, and the spline-

density redistribution, Ap(T'), as the difference between the electronic

density of the complex molecule/Gr/metal substrate and those of the
isolated molecule and the complex Gr/metal substrate,

A7) = Proiirimetat () = ot (7)) + Py mera (7] (12)

In Fig. 3, we show an example of electronic density redistribution for

Experiment

Experiment

Fig. 3. (Color online) Top panels: Top view of the isosurface at a value of 1.0 x
10~* e /A, indicating the electronic density redistribution Ap upon adsorption
of TCNQ (A) and F4-TCNQ (B) on Gr/Ru(0001). Blue color indicates electron
accumulation and red electron depletion. Middle panels: Simulated STM images
of a TCNQ (C) and F4-TCNQ (D) adsorbed on Gr/Ru(0001) at negative bias
voltage (integration range —0.3 eV < E — Ep < 0.0 eV). Bottom panels: High
resolution STM topographies (3 x 3 nm?) of a TCNQ (E) and a F4-TNCQ (F)
adsorbed on Gr/Ru(0001) taken at —0.3 V (I, = 50 pA). Adapted from [148].
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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the case of a TCNQ (Fig. 3 A) and a F4-TCNQ (Fig. 3 B) molecule
adsorbed on a Gr/Ru(0001) substrate. From these plots one can clearly
see electron accumulation on the molecules and electron depletion on
the substrate just below them, which is the signature of an electron
charge transfer from the substrate to the molecule. It is possible to carry
out a more detailed study of the charge redistribution [146] based on
Bader formalism [147], through a topological analysis of the electron
charge density.

As discussed above, STM experimental images, which are the result
of the electronic and topographic characteristics of the system, are a
major observable in the study of the properties of all these systems.
Therefore, it is desirable that they can also be simulated theoretically in
order to extract useful information from them. A widely used formalism
to simulate STM images from DFT outputs was the one proposed in the
80’s by Tersoff and Hamann [85,86] (see also section 2.2). Within this
formalism, the surface is described as accurately as possible whereas the
STM tip is modeled as a simple locally spherical potential well. This
latter approximation allows to write the tunneling current, based on
Bardeen’s formalism [149], as

13 0, (Fo) PO(E, — Ep), a3

where the right hand side of this equation represents the surface local
density of states (LDOS) at the Fermi energy (Ep). Thus, the STM image
represents a contour map of constant surface LDOS. The use of a
spherical symmetry on the single-orbital tip is the major restriction in
this approach, although as shown in Ref. [150] the original
Tersoff-Hamann formalism can be extended to consider p-like and d-like
orbitals.

Despite, and thanks to, its simplicity, the Tersoff-Hamman formalism
has been widely used to simulate STM images of molecules adsorbed on
Gr/metal surface systems. In Fig. 3C and D, we show two examples of
simulated STM images of TCNQ and F4-TCNQ adsorbed on Gr/Ru
(0001). These simulated images, representing the LUMO of the mole-
cules, resemble pretty much the experimental counterpart STM images
(Fig. 3 E and F).

At this point, it is worth mentioning that the Tersoff-Hamann
approach does not take into account the image potential, which mod-
ifies the interface tip-sample barrier. Neglecting this effect may affect
the tunneling currents and, therefore, the STM images. To overcome this
shortcoming, when necessary, one can rely on Green’s function density
functional formalisms (see Refs. [151,152] and Refs. therein).

4. Graphene on transition metals

Nowadays, epitaxial graphene on metal surfaces is routinely pre-
pared by surface decomposition of hydrocarbon molecules. In some
cases, the precursor molecules are adsorbed on the metal surface at room
temperature and annealed to decompose them [20], or directly
decomposed on the hot metal surface [24]. In both cases the growth of
the graphene layer is a self-terminating process and the growth of a
second layer and further is very difficult. This is easily understood if we
consider the catalytic role of the hot metal surface for the decomposition
of the carbon-containing molecules. The registry and interaction be-
tween the graphene overlayer and the metallic substrate varies in
strength depending on the electronic properties of the metal and the
lattice parameter mismatch [4].

4.1. Registry with the substrate: moiré patterns

The growth of epitaxial graphene monolayer by soft CVD under UHV
conditions has been achieved on many single crystal metal substrates
with hexagonal symmetry, such as Ir(111) [101,102,153,154], Ru
(0001) [155-161] polycrystalline Ru [162], Pt(111) [163,164], Ni(111)
[165], Cu(111) [166], Rh(111) [126], Re(0001) [167] or Co(0001)
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[168,169].

The difference in lattice parameter between graphene (0.246 nm)
and the different metal substrates with lattice constants ranging from
0.249 nm for Ni(111) up to 0.277 nm for Pt(111) causes the appearance
of moiré patterns with lateral periodicities in the range of a few nano-
meters [170]. Graphene on Ni(111) and Co(0001) are the exceptions
because their lattice mismatch is small enough to be accommodated by
elastic deformation of the lattices a (1 x 1) structure is formed. The
bonding interaction between the graphene overlayer and the metallic
substrate also varies as demonstrated by the energy position and struc-
ture of the Cy; core levels measured by means of XPS [171].

In the case of graphene grown on strongly interacting substrates,
such as Ru(0001), a single domain of the epitaxial graphene monolayer
covers uniformly the substrate over lateral distances larger than several
microns, reproducing the surface steps, dislocations and other structural
defects [96,154,158]. Fig. 4 A shows that a monolayer of graphene on
Ru(0001) presents a triangular periodic array of bumps originated from
the moiré pattern with an average separation of around 3 nm. Marchini
and co-workers [155] proposed a (11 x 11) superstructure with respect
to the substrate based on STM and LEED measurements. Martoccia et al.
[98], based on a fit to surface X-ray diffraction data, proposed a larger
(23 x 23) supercell that takes into account the small buckling and lateral
relaxations in the first ruthenium layer induced by the strong interaction
with the graphene overlayer and the registry between the graphene and
the second ruthenium layer. As mentioned before, due to a small rota-
tion of the graphene layer with respect to the ruthenium substrate, of the
order of 0.3° [96], the actual unit cell is way larger, pointing towards an
effectively incommensurate system, with a currently accepted moiré cell
of (11.57 x 11.57)R0.3° [97]. However, all the important features of
this surface are present in the theoretical models by simply taking an
unrotated (11 x 11) unit cell, as shown by simulations performed based
on standard DFT [123] and later on by improved simulations based on
vdW-DFT [129]. Fig. 4 B shows a scheme of such unit cell, the color code
indicates the relative height of the carbon atoms. Depending on the
registry of the graphene honeycomb ring with respect to the ruthenium
atoms, we can distinguish four areas: atop, FCC, HCP and bridge (area
between the FCC and HCP regions). In the atop areas no carbon atoms
are placed on top of the Ru atoms contrary to the FCC and HCP areas
where carbon atoms from one of the triangular sublattices of graphene
are placed just above a Ru atom. The carbon atoms located on top of Ru
atoms are chemically bonded with the substrate [123,125,129].

Moiré superstructures with similar periodicities have been reported
for graphene on metallic substrates where the interaction is weak, e.g. Pt
(111) [20,21,163] or Ir(111) [101,102], although in these cases the
weakness of the interaction facilitates the formation of several rotational
domains of graphene giving as result moiré superstructures with
different periodicities [153]. The number of different rotational domains
can be controlled, to some extent, adjusting the growth conditions
during the CVD process. For Gr on Ir(111), when the graphene film is
grown at low temperature, the film shows several domains with rota-
tional misorientations [153]. On the contrary, when the graphene film is
prepared by ethylene decomposition at high temperatures, well ordered
domains forming a moiré superstructure with an incommensurate
periodicity of 9.32 Ir lattice constants and a small vertical corrugation
are formed [101,102,153,154]. The STM image in Fig. 4C shows the
perfect order of the hexagonal moiré superstructure over the whole
image. The graphene domains cover several terraces like a carpet,
keeping the structural coherency through the substrate steps. The
resulting moiré presents a registry similar to that of the graphene/Ru
(0001) system, as can be seen in Fig. 4 D. For instance, in the atop areas,
a honeycomb carbon ring is centered above an iridium atom. In the other
areas, a carbon atom sits on top of an iridium atom, situating its three
neighbors in threefold hollow sites on the Ir(111) surface. These areas
correspond to the HCP and FCC regions, depending on the position of the
honeycomb ring with respect to the second iridium layer. The main
difference with respect to graphene on Ru(0001) is the lack of chemical
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bond between some carbon atoms and the Ir(111) surface.

4.2. Effect of the substrate on the electronic structure of graphene on
metals

As mentioned above, XPS of the Cy; core levels reveals the differences
in the electronic structure associated with different systems and,
therefore, provides information on the bonding interaction between the
metallic substrate and the graphene monolayer [171]. For strongly
interacting metals, such as Ru(0001), two C;s peaks appear in the
spectrum, revealing the existence of two differently bonded C atoms.
Accordingly, the graphene electronic structure is strongly modulated by
the interaction with the metal and barely resembles that of free-standing
graphene [96,129,156,172,173]. The corresponding ARPES spectra can
be seen in Fig. 5 A. On the other hand, for weakly interacting substrates,
such as Ir(111), only one Cy level is present, indicating that all the
carbon atoms are chemically equivalent. In this case, the graphene
electronic structure, i.e. the Dirac cone, is only weakly modified with
respect to free-standing graphene [12,13].

Graphene on Ru(0001) presents a spatial modulation in the chemical
binding between the overlayer and the Ru(0001) substrate that gives
rise to a periodic array of graphene regions of nanometer size displaying
a different electronic structure. The experimental dI/dV spectrum,
which is related to the LDOS, and theoretical calculations show that the
occupied LDOS close to the Fermi level is larger on the high regions of
the moiré, while the unoccupied LDOS is larger on the low areas of the
moiré [156,157]. The modulation in the chemical bonding between
graphene and ruthenium within the moiré unit cell modifies the surface
dipole, which has a direct influence on the surface potential. This can be
determined with high spatial resolution by measuring with STM the
Field Emission Resonances (FERs) [174]. The energy position of the
FERs, which are detected by STM when applying voltages larger than the
work function of the sample, gives as result a spatial variation of the
order of 0.25 eV in the surface potential values depending on the posi-
tion in the moiré pattern [175]. All these electronic effects are behind
the change in apparent corrugation of the moiré pattern in the STM
images. A comparison between experimental results obtained for
different experimental conditions and DFT calculations [129] allows one
to disentangle the influence of several factors in measured STM images
on this surface. As already discussed in Sec. 3.1, the apparent corruga-
tion of the moiré pattern calculated by including (excluding) vdW cor-
rections is in good (qualitative) agreement with that observed in STM
experiments. The effect of vdW or dispersion forces plays an appreciable
role in this system, since they are responsible for a reduction of 25% in
the apparent corrugation of the moiré pattern [129]. The comparison
between experiments and theoretical calculations allows for the iden-
tification of the electronic state responsible of the contrast inversion in
the STM images for bias voltages higher than +2.6 V. This peak appears
in the dI/dV spectra at +3.0 V only in the lower areas of the moiré. Its
origin is traced back to the hybridization and confinement of a Ru(0001)
surface resonance with the unoccupied density of states of graphene
[175]. In summary, periodically rippled graphene on Ru(0001) behaves
as a superlattice of modulated electronic properties.

As discussed above, graphene grown on Ir(111) is a prototypical case
of weakly interacting substrate. Concerning the electronic structure,
graphene on Ir(111) is close to freestanding graphene. The ARPES
spectra of clean Ir(111) and Gr/Ir(111) along G-K-M show an unper-
turbed graphene Dirac cone as expected [12,13]. The main changes in
the graphene Dirac cone due to the weak interaction with the Ir(111)
substrate is the shift in energy of the Dirac cone due to the p-type doping
as aresult of the charge transfer between the overlayer and the substrate
and the opening of minigaps in the cone due to the moiré super-
periodicity that gives rise to the formation of replica cones at the Bragg
planes [12], as can be seen in Fig. 5b,c. These features prove the
long-range structural quality and uniformity of epitaxial Gr/Ir(111) that
can be obtained when the CVD parameters are carefully adjusted [153].
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Fig. 5. (A) ARPES spectrum of clean Ir(111). The positions of K points of
iridium and graphene are marked as KIr and Kg, respectively. S1, S2 and S3 are
surface states. (B) ARPES spectrum of Ir(111) covered by graphene along the
same azimuth as in (A). Horizontal arrows denote the minigap in the primary
Dirac cone. A visible replica band is labeled as R. (C) Micro-ARPES band
structure maps of epitaxial monolayer graphene. Dashed line: Band obtained
from a tight-binding calculation for free-standing monolayer graphene. Adapted
from [12,162].
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Fig. 4. (a) Atomically resolved STM image showing
the moiré superperiodicity and the atomic corruga-
tion on graphene grown on Ru(0001). Image param-
eters Vb = —1mV, It = 1 nA, 9 nm x 9 nm. (b) Ball
model of the moiré unit cell of graphene on Ru(0001).
The three stacking sequences present on the moiré
unit cell are indicated. The white hexagon indicates
the graphene honeycomb, the grey and black balls
indicate the first and second Ru(0001) layer respec-
tively. (c) Atomically resolved STM image showing
the moiré superperiodicity and the atomic corruga-
tion of graphene grown on Ir/(111). Image parame-
ters Vb = 10 mV, It = 0.6 nA, 7 nm x 7 nm. (d) Ball
model of the moiré unit cell of graphene on Ir(111).
The three stacking sequences present on the moiré
unit cell are indicated. The white hexagon indicates
the graphene honeycomb, the grey and black balls
indicate the first and second Ir(111) layer
respectively.
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4.3. Further tuning via atom intercalation

The growth of graphene on transition metals is a method to produce
large areas of graphene with high crystallographic perfection, but the
interaction with the substrate may change dramatically the electronic
characteristics of graphene. Once the graphene overlayer is grown, a
reduction of the interaction with the (catalytically reactive) metallic
substrate can be obtained by intercalation of suitable atoms, which
interact strongly with the metallic substrate, passivating it and,
accordingly, allowing for recovering the pristine structure of the gra-
phene overlayer. For instance, for graphene grown on Ni(111), the
intercalation of Au [165], Ag [42] or Cu [176] has been used to decouple
the graphene overlayer from the substrate. This decoupling effect of the
intercalation has been shown to be successful even for a prototypical
system with a strong interaction: Gr/Ru(0001). After intercalation of
oxygen [177] or silicon [178], the structural corrugation of the gra-
phene overlayer decreases strongly and graphene with free-standing
characteristics (e.g. linear dispersing bands in the Dirac cone with
Fermi velocity identical to Gr/SiO,) is obtained.

The intercalation process can be also used to tailor the doping or
other electronic properties of the graphene overlayer. In particular, the
introduction of large spin-orbit coupling has been pursued in the past to
make graphene an active component of spintronic devices or to generate
a prototype 2D Topological Insulator [179]. In order to introduce a large
spin-orbit coupling on graphene it is necessary to intercalate atoms with
a large atomic number. It has been shown that the intercalation of Pb
atoms between graphene and Ir(111) creates a monolayer of Pb atoms
well ordered with respect to the Ir(111) surface and modifies the gra-
phene electronic bands, shifting the Dirac point from p to n doping and
producing a large spin splitting of the bands of graphene due to the local
variations of the spin-orbit coupling introduced by the Pb atoms [13,
180].
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Fig. 6. (Color online) Molecular geometries of organic molecules, which have been found to adsorb on Gr/metal substrates. (a) 1,3,5-triazine; (b) 7,7,8,8-tetracyano-

p-quinodimethane; (c) tetrafluoro-tetracyano-p-quinodimethane;

(d) perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride-diimide;

(e) perylene-3,4,9,10-

tetracarboxylic-3,4,9,10-dianhydride; (f) 1,7-dipropylthio-perylene-3,4:9,10-tetracarboxydiimide; (g)1,7-di(butyl)-coronene-3,4:9,10-tetracarboxylic acid bisimide;
(h) 2-phenyl-4,6-bis-(6-(pyridin-3-y1)-4-((pyridin-3-y)pyridin-2-yl)pyrimidine; (i) 2,4’'-bis(terpyridine); (j) Pentacene; (k) 1,3,5-benzenetribenzoic acid; (1) para-
hexaphenyl-dicarbonitrile. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

5. Adsorption of organic molecules on graphene-metal substrate

As discussed in previous sections, the adsorption of graphene on a
metal substrate modifies graphene’s electronic and topological proper-
ties. This can be used in turn to modify the properties and/or chemical
behavior of organic molecules when adsorbed on these systems, as
compared to the adsorption on freestanding graphene or graphene
adsorbed on insulators or semiconductors. In this section, we review
existing work on adsorption of organic molecules on different graphene/
metal substrates, both at the single-molecule level or in the form of two-
dimensional arrays. At the end of the section, we will discuss in more
detail a few singular examples for the Gr/Ru(0001) substrate, which has
been widely used as a template for molecular adsorption due to its very
especial properties, as discussed above.

5.1. Adsorption of single organic molecules on graphene/metal substrates

So far, most molecules deposited on Gr/metal substrates have a
planar or quasiplanar structure, which maximizes their interaction with
the substrate. For example, the 1,3,5-triazine molecule (see Fig. 10 (a))
adsorbed on Gr/Pt(111) [181] presents a diffusion barrier 20% higher
than that of the molecule absorbed on a graphite surface [182],
revealing the influence of the metal despite the weak coupling between
graphene and Pt(111). For this system, the formation of fractal islands
composed of ordered arrays with lattice constant slightly higher
(~2.5%) than that of graphene adsorbed on graphite surfaces has also
been observed.

A systematic study of the adsorption of metal-phthalocyanines (MPc)
-see Fig. 10 A-on Gr/Ni(111) has shown, in general, a weak coupling
between the molecule and the substrate, mainly through its central
metal atom, although the specific interaction strength and interaction
channels were found to depend on the d-band filling [183,184]. For
NiPc, CuPc and ZnPc, the interaction strength between graphene and the

10

molecule is comparable to the 7-z interaction between molecules, and
the whole Pc molecule is efficiently decoupled from the underneath Ni
surface. In contrast, for CoPc and FePc, the interaction is much stronger
due to the strong coupling between the underneath metal substrate and
the central metal atom of the molecule, in spite of the presence of gra-
phene in between. In this case, the benzene rings of the molecules are
completely decoupled from the substrate. The adsorption of FePc, NiPc,
CoPc, CuPc and HoPc has also been studied on Gr/Ir(111) [185]. In this
system, STM measurements and DFT simulations have found that the
unsaturated dangling bonds located on the C atoms over the hollow sites
of the Ir lattice induce a Diels-Alder concerted cycloaddition [186] re-
action. Also related to phthalocyanine adsorption, X-ray absorption
spectroscopy (XAS), and linear and magnetic circular dichroism (XLD
and XMCD) have been employed to characterize the magnetic properties
of two lanthanides bis-phthlocyanines with different magnetic anisot-
ropy, TbPcy and ErPcy, adsorbed on Gr/Ni(111) and on Gr/Au/Ni(111)
(Au atoms intercalated between the Ni substrate and the graphene layer)
[187]. This study showed that the antiferromagnetic signal measured for
TbPc, adsorbed on Gr/Ni(111) disappears upon Au intercalation,
whereas in the case of ErPcy the small antiferromagnetic signal
measured upon adsorption on Gr/Ni(111) remains unaltered after Au
intercalation. In the case of TbPc,, the observed behavior was attributed
to two possible causes: the increased distance between the TbPc,
molecule and the magnetic substrate and the electronic decoupling be-
tween the graphene layer and the nickel substrate. In contrast, for ErPcy,
it seems to be a consequence of a significant contribution of the substrate
magnetic dipolar field.

The role of metal substrates in tailoring the properties of graphene as
a versatile template for the adsorption of organic molecules is clearly
evidenced by the comparison of results obtained for F4-TCNQ and TCNQ
adsorbed on Gr/Ir(111) and on Gr/Ru(0001). On Gr/Ir(111), TCNQ
remains flat and neutral, whereas F4-TCNQ molecules coexist in flat and
tilted forms [189]. The presence of two F4-TCNQ adsorption geometries
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Fig. 7. (Color online) dI/dV spectra measured with the STM tip held on Gr/Ru
(0001) and on different locations within the TCNQ (A) and F4-TCNQ (B) where
the Kondo resonance is observed. The black arrows indicate the inelastic Kondo

features. Adapted from Ref. [188]. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

on Gr/Ir(111) has been explained in terms of work function modulation
over the graphene moiré unit cell inducing site-selective charging of the
molecule, so that on top and hcp sites (see Fig. 4 D) the molecule is
adsorbed flat due to the lack of charge transfer, whereas on fcc sites the
F4-TCNQ molecule gets charged and undergoes a strong structural
relaxation. The charge transfer to the molecule has been evidenced by
the presence of a Kondo resonance in the corresponding short-range
dI/dV spectrum. The Kondo effect [190] has also been used to prove
the prominent change transfer to TCNQ and F4-TCNQ absorbed on
Gr/Ru(0001) [148,188,191]. Fig. 7 shows STS measurements recorded
over the TCNQ and F4-TCNQ molecules together with a STS measure-
ment over a molecule-free Gr/Ru(0001) region. These spectra show a
zero-bias peak, the signature of a Kondo resonance, over the molecules
and an unstructured dI/dV curve over the clean region. From Fig. 7, we
also observe that, over the center of the molecules, the Kondo resonance
almost vanishes and two side resonances appear, at —42 mV and 46 mV
for TCNQ and at —50 mV and 54 mV for F4-TCNQ. These peaks are due
to the in-plane molecular vibration mode of the central ring of the
molecules [192], which is strongly coupled to the SOMO (single occu-
pied molecular orbital) [188]. It is also worth noticing that the absence
of the Kondo resonance on the dI/dV spectra is not a signature of the
absence of charge transfer. In fact, in the case of TCNQ on Gr/Ru(0001),
the molecules always acquire an extra electron, due to the efficient
charge transfer from the substrate to the molecule through the n-doped
Graphene.” However, the Kondo resonance is only observed for those
molecules adsorbed on the fcc sites. The mechanism behind this obser-
vation was attributed, thanks to DFT simulations, to the presence of a
surface resonance in the low areas of the moiré that effectively quenches
the magnetic moment for the hcp sites [191]. It is also important to
remark that, despite the fact that both TCNQ and F4-TCNQ are charged
upon adsorption on Gr/Ru(0001), they display a flat geometry, in

2 Here, we should point out that due to the strong chemical interaction be-
tween graphene and ruthenium the Dirac cone is not preserved but according to
the calculations the graphene overlayer is n-doped. On top of the overall
doping, there is a modulation in the LDOS close to the Fermi level being larger
the occupied DOS in the high areas of the moiré.
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contrast to the structural relaxation found for charged F4-TCNQ on Gr/Ir
(111).

Finally, it is also worth mentioning that the presence of graphene
may also act as a buffer layer, decoupling electronically the molecular
electronic states from those of the underlying metal substrate. For
example, in Ref. [193], it has been shown that it is possible to obtain
high resolution images of the molecular orbitals for PTCDA, Cgo, and
pentacene adsorbed on Gr/Ru(0001). Also well resolved good
molecular-orbital images have been observed for TCNQ and F4-TCNQ
[148,188,191] (see Fig. 11).

5.2. Formation of 2D organic structures on graphene/metal substrates

Graphene adsorbed on metallic substrates may act as a template to
induce self-assembly of organic molecules, specially those Gr/metal
systems showing stronger corrugations. For example, STM measure-
ments have shown [194] that the adsorption of pentacene molecules
(see Fig. 6 (j)) on Gr/Ru(0001) occurs initially -low coverage-on the fcc
sites with three possible configurations and that, only when coverage
increases, hep sites are occupied. This behavior has been rationalized, by
means of DFT calculations, in terms of molecular adsorption energies,
the highest one corresponding to an fcc configuration. Interestingly, the
HOMO shape of the adsorbed pentacene molecules is found to be
identical to the one of a free molecule, which proves the weak electronic
hybridization at the pentacene-graphene interface. Also in this sub-
strate, it is possible to induce long-range order self-assembled structures,
named as loose- and close-packed structures (see Fig. 9 (a)) by

Fig. 8. (Color online) STM topographic images (5 nm x 6.25 nm, I, = 300 pA)
taken for: A) TCNQ/Gr/Ir(111) at 4.6 K; B) STM image taken for F4-TCNQ at 77
K. Adapted from [195]. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. (Color online) Schematic representation of the structure formed by (a) pentacene adsorbed on Gr/Ru(0001); (b) 2,4'-BTP adsorbed on Gr/Ru(0001); (c)
PTCDI adsorbed on Gr/Rh(111); (d) PTCDA adsorbed on Gr/Pt(111) and Gr/Ru(0001); (e) 3,3’-BTP adsorbed on Gr/Ru(0001); (f) DB-CTCDI adsorbed on Gr/Rh
(111); (g) DB-PTCDI adsorbed on Gr/Rh(111); (h) NC-Ph6-CN adsorbed on Gr/Ir(111). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

controlling the substrate temperature and the deposition rate [194].
The formation of two-dimensional (2D) organic molecular structures
on Gr/metal substrates is the result of the competition between the
intermolecular interaction and the molecule-surface interaction.
Depending on the result of such competition, a bunch of organic mole-
cules may form 2D structures or remain isolated. An illustrative example
of this phenomenon is the adsorption of TCNQ and F4-TCNQ on Gr/Ru
(0001) (see Fig. 8). Whereas the former molecules form densely packed
linear magnetic arrays and even a complete monolayer (see section 5.3.1
for details), the latter ones remain as isolated magnets [148]. This
behavior was understood from a detailed analysis of the two mentioned
interactions. DFT calculations showed, on the one hand, that both TCNQ
and F4-TCNQ share similar charge transfer and magnetic properties and,
on the other hand, that the intermolecular delocalization of the trans-
ferred electron is fundamental to determine the self-assembly of the
molecules. In the case of TCNQ, as a result of the favorable overlap
between the clouds of neighboring molecules, electron delocalization
stabilizes the charged TCNQ aggregates on the surface. On the contrary,
for F4-TCNQ, the much less favorable overlap inhibits an effective
electron delocalization, what makes intermolecular repulsion to prevail
[148]. In the case of the Gr/Ir(111) substrate, it has also been observed,
using STM measurements, a significant difference between adsorbed
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TCNQ and F4-TCNQ. Whereas the former molecules form a well-ordered
self-assembled monolayer induced by the attractive electrostatic inter-
action between the excess of negative charge in the cyano groups and the
excess of positive charges in the hydrogen atoms of the central rings, the
latter form a fairly regular hexagonal array of rotating molecules
adsorbed at the hcp sites (see Fig. 8 B). This behavior of F4-TCNQ
molecules has been attributed to the negative electrostatic potential
created by the four fluorine atoms around the central ring, which hin-
ders the self-assembly based on attractive interaction between molecules
[195]. At this point, it is worth noticing that, although TCNQ forms
complete compact monolayers on both Gr/Ru(0001) and Gr/Ir(111), the
electronic characteristics of these monolayers are rather different [196].
X-ray photoemission measurements have revealed the absence of charge
transfer to TCNQ molecules adsorbed on Gr/Ir(111) and the
site-dependent charge transfer to TCNQ adsorbed on Gr/Ru(0001), in
such a way that molecules adsorbed on the low areas of the moiré are
charged and develop a magnetic moment as evidenced by the presence
of the corresponding Kondo resonance in the STS spectrum, whereas
those molecules absorbed on the high areas of the moiré remain neutral.
This phenomenon accounts for the spatially dependent long-range
magnetic order observed for TCNQ/Gr/Ru(0001) [197] that it is
explained in detail in sec. 5.3.1.
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Fig. 10. (Color online) (A) General geometry of a metal-phthalocyanine molecule; (B), (C) and (D) Fast Fourier transform (FFT) image of a CuPc, a CoPc and a
F16CoPc monolayer adsorbed on Gr/Ir(111), respectively, (adapted with permission from Ref. [205]); (D) STM images obtained for FePC adsorbed on Gr/Ru(0001),
the blue lines mark the unit cell of the Kagone lattice (adapted with permission from Ref. [206]); (F) STM image of single-guest (t-Bu)4- ZnPc molecules hosted by a
FePc Kagone lattice on Gr/Ru(0001) (adapted with permission from Ref. [207]); (G) and (H) STM images of low and high coverage CoPc molecules, respectively, in a
BTB molecule network adsorbed on Gr/Ir(111) (adapted with permission from Ref. [208]). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

Moiré structures induced in graphene adsorbed on metal substrates
have also shown their ability to rule the self-organization of other
complex organic molecules. For example, perylene tetracarboxylic dii-
mide (PTCDI) forms pairs of parallel long one-molecule-width rows
following the high-symmetry directions of the Gr/Rh(111) surface (see
Fig. 9 (c)) [198]. This is in contrast with the case of graphite substrates,
where PTCDI forms 3D islands. The molecular rows obtained in the
Gr/Rh case grow in a commensurate way thanks to the match between
the molecule-molecule spacing and the lattice parameter of the gra-
phene superstructure. If PTCDI is replaced by its derivate 1,7-dipro-
pylthio-perylene-3,4:9,10-tetracarboxydiimide (DP-PTCDI) -see Fig. 6
(f)- the formation of commensurate rows is also observed (see Fig. 9 (g)),
but in this case row pairs are uncommon. These DP-PTCDI molecules
form more commonly three-molecule junctions (see Fig. 9 (g)) [198]. In
the case of 1,7-di(butyl)-coronene-3,4:9,10-tetracarboxylic acid bisi-
mide (DB-CTCDI) -see Fig. 6 (g)-, three-molecule junctions also domi-
nate and a honeycomb monolayer structure (see Fig. 9 (f)) is formed on
the surface. Binding energies computed at DFT theory level revealed that
trimers are more stable than dimers for these three molecules PTCDI,
DP-PTCDI, and DB-CTCDI in gas phase, however the strain suffered by
the trimer junctions on the Gr/Rh(111) surface reduced their binding
energies favoring the formation of dimers, except for DB-CTCDI, the
molecule with the strongest trimer junction [198]. The self-assembly of
a similar molecule, PTCDA on Gr/Pt(111) shows a completely different
behavior, as revealed by STM and STS measurements and DFT calcula-
tions [199]. PTCDA molecules form a herringbone pattern (see Fig. 9
(d)) on Gr/Pt(111). In this system, the weak coupling between graphene
and Pt(111) induces a weak coupling between PTCDA and the substrate,
i.e., the electronic features of the molecular monolayer remain unaltered
upon adsorption on Gr/Rh(111). A 2D herringbone pattern has also been
observed (STM images) for PTCDA adsorbed on Gr/Ru(0001) [200],
despite the strong corrugation of graphene on Ru(0001). This behavior
of PTCDA on Gr/Ru(0001) has been attributed, based on DFT
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calculations, to the strong intermolecular interactions ruled by C-H---O
type hydrogen bonds, which overcompensate the lateral corrugation of
the adsorption potential. The intermolecular interaction (C-H---N type
hydrogen bonds), on the other hand, is not enough to compensate the
lateral corrugation of the adsorption potential for 2-phenyl-4,6-bis-(6-(-
pyridin-3-y1)-4-((pyridin-3-yl)pyridin-2-yl)pyrimidine (3,3'-BTP). As a
result, 3,3'-BTP molecules occupy preferably the valley regions forming
linear or ring-like (see Fig. 9 (e)) structures [200]. The inner diameter of
these ring-like structures is large enough to host additional molecules,
and it has been found that host 3,3’-BTP molecules may rotate freely
inside the rings. A similar behavior has been observed for self-assembly
of 2,4'-bis(terpyridine) (2,4’-BTP) [201] on Gr/Ru(0001). The high
corrugation in the adsorption potential induces the preferential
adsorption on the valley region, and the subsequent formation of 1D
molecular chains. Formation of 1D chains (see Fig. 9 (h)), 2D
basketweave-like patterns and hexagonal porous networks (see Fig. 9
(h)) mediated by Cu atoms coadsorption has been observed, by means of
STM, for para-hexaphenyl-dicarbonitrile (NC-Phg-CN) -see Fig. 6 (1)- on
Gr/Ir(111) [202]. Furthermore, as proven by STS measurements, for this
system the type of bonding configuration determines the electronic
properties of the adsorbates [202]. On clean Gr/Cu(111) absorbed
NC-Phg-CN molecules self-assemble forming a close-packed structure
consisting of rows of parallel molecules showing a shift along the mo-
lecular axis for every fourth or fifth molecule along a row [203]. 1,3,
5-benzenetribenzoic acid (BTB) -see Fig. 6 (k)- also forms hexagonal
porous networks on Gr/Cu(111) [204]. This pattern is the result of the
double hydrogen bonding between the carboxylic acid end groups of the
BTB molecules. In this case, the presence of the graphene layer prevents
the deprotonation of BTB, which commonly occurs upon adsorption of
BTB on Cu(111), but the metallic substrate still influences the organi-
zation of the BTB molecules, because these are aligned according to the
graphene lattice that aligns itself along the principal directions of Cu
(111).
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Fig. 11. (Color online) Experimental (left column) and theoretical (right col-
umn) STM images showing the frontier molecular orbitals of TCNQ adsorbed on
Gr/Ru(0001). (A) and (B) Vp = —2.0 V; (C) and (D) V, = —0.8 V; (E) and (F) V,
= +1.0 V. Adapted from [197]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Another relevant family of organic molecules that are able to self-
assemble in Gr/metal substrates is the phthalocyanines family (see
Fig. 10 A). HyPc, NiPc, FePc, and MnPc, for example, are able to form
Kagome lattices® when adsorbed on Gr/Ru(0001) [206,210]. Thanks to
the versatility of the Pc molecules, the molecular spin can be altered just
by varying the central atom, making 2D Pc structures ideal models for
studying spin frustration and also to be exploited for spintronic appli-
cations. In these examples, the role of Gr/Ru(0001) substrates is
twofold: (i) graphene acts as a buffer layer decoupling the Pc molecules
from the metal substrate preserving their intrinsic electronic properties;
(ii) Pc molecules occupy the hcp and fcc sites leaving the atop site
entirely empty, i.e., the Pc network follows the periodicity of the moiré
pattern. This site-dependent adsorption has been rationalized in terms of
lateral electric dipoles originated from the inhomogeneous charge dis-
tribution in the graphene monolayer induced by the epitaxial constraint
of graphene on Ru(0001) [211]. The FePc/Gr/Ru(0001) Kagome lattice
(see Fig. 10 E) has been shown to be an ideal scaffold for host-guest
superstructures. STM measurements [207] have shown that FePc and

3 A 2D pattern showing geometrically frustrated magnetic properties
composed of interlaced triangles in such a way that each lattice point have four
neighbors [209].
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tert-butyl ZnPc co-adsorbed on a FePc Kagome lattice occupy preferen-
tially the nanoscale pores of the lattice (see Fig. 10 F) forming ordered
superstructures with alternate rows of FePc and tert-butyl ZnPc, and that
the formation of this superstructure is ruled by the long-range interac-
tion between the two guest molecules mediated by the Kagome lattice. If
another metal substrate is considered, the Pc 2D network can present a
completely different geometry. For example, FePc molecules adsorbed
on Gr/Pt(111) display a square lattice shape, regardless the moiré
pattern exhibited by the various Gr/Pt(111) domains present in the
substrate [210]. The molecule-substrate interaction in this latter case is
weaker than for FePc on Gr/Ru(0001). Also weak is the interaction of
FePc with the Gr/Ir(111) substrate [212]. On this substrate, the FePc
molecules form a planar flat-laying array and graphene acts just as
buffer layer decoupling the molecule from the metal. This preserves
their basic intrinsic molecular properties, but at the same time confers
new properties to the system, such as an enhancement of the magnetic
anisotropy, as deduced from X-ray magnetic circular dichroism mea-
surements [213], or the slight n-doping of graphene, as revealed by
core-level photoemission and absorption spectroscopy measurements
[214]. On Gr/Ni(111), it has been shown by means of AFM and HREELS
[215] that FePc molecules group into 1D fiber-like islands due to the
comparable intermolecular and molecule-substrate interactions, and
that the orientation of these 1D islands is determined by the coupling
between graphene and Ni(111). Similar experiments have revealed that
CuPc, on the contrary, nucleate in 2D islands, because in this case the
intermolecular interaction widely dominate over the molecule-substrate
one [215]. On Gr/Ir(111), the intermolecular interaction also rules the
formation of a planar-2D CuPc square lattice (see Fig. 10 B) [205].
However, on this same substrate, CoPc molecules, albeit also forming an
ordered square lattice [216], interact more strongly with the substrate,
which leads to the appearance of kinks along one of the CoPc square
lattice directions (see Fig. 10C). This does not mean that the intermo-
lecular interaction is negligible. In fact, when the peripheral hydrogens
of CoPc are substituted by fluorine atoms, the CoPc square lattice formed
on Gr/Ir(111) becomes an oblique lattice (see Fig. 10 D). The different
self-assembly of these three Pc’s, CuPc, CoPc, and F15CoPc, has been
rationalized, based on DFT calculations, in terms of the energies and
symmetries of the frontier molecular orbitals [205]. On Gr/Ru(0001),
on the other hand, the CoPc molecules form an ordered Kagome lattice
[217] similar to the lattice formed FePc molecules [206,210]. The
growth of 2D CoPc structures can be controlled using organic open su-
perstructures previously adsorbed in the substrate, as scaffolds. This is
the case for the adsorption (see Fig. 10 G) and self-assembly (see
Fig. 10H) of CoPc on the flexible nanopores network created upon
adsorption of 1,3,5-benzenetribenzoic acid (BTB) on Gr/Ir(111) [208].
As shown by Banerjee et al. [208], these flexible BTB scaffolds can be
used, for example, to form CoPc dimer structures.

Finally, it is also worth mentioning the formation of 2D fullerene
structures. In 2012 a combined STM and DFT study [218] showed that
fullerene molecules assemble on Gr/Ru(0001) forming a perfect peri-
odic hexagonal supramolecular structure disregarding the underlaying
corrugation, disorder or steps, which was explained in terms of the weak
interaction between the Cgo molecules and the substrate. However, this
interaction is not negligible at all, as proven in Ref. [219], where it was
shown that the moiré structure presents a singular diffusion barrier that
limits the mobility of the Cgo on the surface, thus influencing the way the
molecule monolayer grows. At low coverage, the fullerenes adsorb on
the hep valley regions, where they are free to rotate. Once these sites are
populated, the molecules adsorb on the fcc valley regions, subsequently
on the top regions, and finally on the remaining moiré sites. When the
coverage increases, the Cg0—Cgo interaction induces the freezing of the
molecular rotations. As stated in Ref. [219], if one replaces bare ful-
lerenes by endohedral fullerenes with magnetic spins, these rotationally
frozen molecular structures can be useful for applications in molecular
spintronics. On the other hand, Cgg molecules self-assemble on Gr/Cu
(111), forming a (4 x 4) superstructure, without any influence of the
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underlying moiré pattern [220].

5.3. Organic molecule/Gr/Ru(0001) systems: A few singular examples

5.3.1. Long-range magnetic properties of TCNQ on Gr/Ru(0001)

The peculiar characteristics of rippled graphene lying on a Ru(0001)
substrate, in particular, the n-doping of the carbon monolayer [129,173,
221,222], has been exploited to selectively induce charge transfer from
this substrate to electron acceptor molecules, in particular, TCNQ, and to
build organic 2D arrays with long-range magnetic order [148,191,197].
This is possible because, as discussed above, graphene prevents the
formation of TCNQ-Ru(0001) bonds while allowing for efficient charge
transfer from the Gr/Ru(0001) substrate to the molecules. Since the
transferred charge extends over intermolecular bands with well-defined
spin character, it has been proposed that TCNQ monolayer could be used
to add magnetic functionalities to graphene (e.g., by altering the spin
polarization of a current flowing through it).

In the experiment reported in Ref. [197], TCNQ molecules were
deposited on Gr/Ru(0001) at 300 K and imaged with STM at 4.6 K. At
low coverage, TCNQ molecules always adsorb at the lower parts of the
moiré and the topographic STM images exhibit intramolecular resolu-
tion at different bias voltages (see Fig. 11). Such a resolution is not seen

Fig. 12. (Color online) Experimental (left column) and theoretical (right col-
umn) STM images showing intermolecular band formation in 1 ML TCNQ
adsorbed on Gr/Ru(0001). (A) and (B) V = —2.0 V; (C) and (D) V;, = —0.8 V;
(E) and (F) V, = +1.0 V. Adapted from [197]. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)
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when TCNQ is directly deposited on metal surfaces. DFT calculations
reported in the same work show that the TCNQ-graphene distance is
about 3 A, which suggests a weak molecule-graphene coupling. Never-
theless, thanks to its n-doping, graphene is still able to transfer a fraction
of electron to the LUMO of the neutral molecule, thus leading to a
splitting into a Single Occupied Molecular Orbital (SOMO) and a Single
Unoccupied Molecular Orbital (SUMO). As can be seen from Fig. 11, the
SOMO and SUMO exhibit the characteristic central node of the original
LUMO, whereas the HOMO does not. The observed features are in
excellent agreement with those obtained from DFT calculations (see
Fig. 11 bottom panels). These calculations show that, as a consequence
of the different partial filling of the SOMO and SUMO, the adsorbed
TCNQ molecule develops a magnetic moment of approximately 0.4 puB.
This reflects in a prominent Kondo peak, which has been observed
experimentally and thoroughly analyzed in Ref. [148]. A similar
magnetization has been observed in isolated F4-TCNQ molecules lying
of Gr/Ru(0001) [148].

When 1 ML TCNQ coverage is achieved by forcing the molecules to
also occupy the upper parts of the ripples, the images recorded at the
SOMO (—0.8 V) -Fig. 12 C- and SUMO (+1.0 V) -Fig. 12 E—energies
reveal the presence of tube-like structures separated by clear nodes,
indicating that TCNQ intermolecular states are formed over the whole
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Fig. 13. (Color online) (A) Spin polarized STM measurements (16.7 nm x 12.1
nm) recorded at V, = +1.5 V and I, = 100 pA; (B) spin-resolved differential
tunelling conductance averaged over three moiré unit cells in each domain.
Adapted from [197]. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 14. (Color online) STM topographic image (27 nm x 15 nm, V, = —1.5V, I, = 5 pA) of CH,CN and TCNQ deposited on G/Ru(0001) after the reaction at room
temperature. The lower inset is a blow up of a single molecule and the upper inset the calculated STM image. Adapted from Ref. [137]. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

surface. These features are similar to those predicted by theory (Fig. 12
D and F), which further shows that, in this case, the average magnetic
moment per molecule is 0.18 pB. Detailed Spin Polarized STM mea-
surements over two TCNQ domains (i.e., with different orientation with
respect to the graphene lattice) revealed the existence of magnetic
contrast due to long range magnetic order in the TCNQ adlayer at 4.6 K
(see Fig. 13 A), thus confirming the above predictions. Indeed, as Fig. 13
B shows, the spin-resolved differential tunneling conductance averaged
over three moiré unit cells associated with two different domains are
different. As expected, the spectrum exhibits pronounced HOMO
(—1.8eV), SOMO (—0.75 eV) and SUMO (+0.75 eV) peaks, but the
relative intensity of the SOMO and SUMO peaks is inverted between
domains. In contrast, the spectra are nearly identical in the two domains
at the HOMO peak, since the HOMO is filled by two electrons and,
therefore, cannot exhibit any magnetic property. A similar long range
magnetic order is not observed in F4-TCNQ deposited on Gr/Ru(0001),
since, as discussed in previous sections, electron delocalization between
neighboring molecules is not possible due to the presence of the F atoms.

5.3.2. Reversible formation of C-C bonds on Gr/Ru(0001)

Pure carbon is known to be a catalyst poison. However, it has been
shown [137] that Gr/Ru(0001) can promote chemical reactions that
would hardly take place without the assistance of a catalyst. Indeed,
epitaxial graphene grown on Ru(0001) can promote the reversible for-
mation of a C-C bond between cyanomethylene groups (-CHCN),
covalently bonded to the graphene surface at specific positions, and
TCNQ, which as explained in the previous section, is physisorbed on
graphene and, therefore, can diffuse.

Fig. 14 shows STM images measured at 4.8 K after deposition of
TCNQ on Gr/Ru previously patterned with cyanomethylene groups.
Most TCNQ molecules look very different from those deposited in the
absence of -CH3CN (see Fig. 14). One half of the TCNQ molecule re-
mains practically unperturbed, showing the same intramolecular reso-
lution as pristine TCNQ, while the other half appears as a bright
protrusion with no internal resolution. No individual cyanomethylene
substituents are observed in the graphene surface, although they were
covalently bonded to graphene (hence, visible in STM images) before
addition of TCNQ. Also, all molecules are adsorbed on the bridge areas
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Fig. 15. (Color online) (A) Top view of the most stable adsorption configura-
tion on Gr/Ru(0001). The molecule is adsorbed on the bridge position with the
cyanomethylene end pointing towards the FCC- Top areas of the moiré pattern.
(B) Lateral view of the most stable configuration. The cyanomethylene group is
located on top of the TCNQ and points towards the vacuum. Adapted from
Ref. [137]. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

with the bright protrusion pointing to the FCC areas.DFT calculations
that explicitly include the ruthenium substrate, the rippled graphene
monolayer and TCNQ-CH2CN molecules, where a C-C bond has been
formed between TCNQ and —-CH,CN, lead to STM images in excellent
agreement with the experimental ones, thus showing that the C-C bond
is actually formed. The disposition of the molecule on the Gr/Ru surface
predicted by these calculations is shown in Fig. 15.

The catalytic role of graphene in this particular reaction is the
consequence of three effects. First, graphene allows for an efficient
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charge transfer from Ru(0001) to both reactants, thus allowing for
changes in the carbon hybridization. Second, graphene holds the
—CH,CN groups in fixed positions and allows the reduced TCNQ mole-
cules to diffuse on the surface. Finally, it prevents TCNQ molecules from
reacting with the Ru(0001) surface. It is only the concerted action of
these three effects that allows for the formation of the TCNQ-CH2;CN
complex. At variance with TCNQ molecules adsorbed in Gr/Ru(0001),
this complex does not present a magnetic moment, therefore, it does not
present Kondo resonances.

A very interesting observation reported in Ref. [137] is that the re-
action is fully reversible by injection of electrons from the STM tip at
voltages >+1.7 eV. At this voltage, electrons are injected in the LUMO of
the TCNQ-CH2CN complex, which due to its antibonding character,
leads to the breakup of the C-C bond and the recovery of physisorbed
TCNQ and CH,CN- bonded to graphene. The making and breaking of this
bond is accompanied by the switching off and on of a Kondo resonance,
so that the system can be viewed as a reversible magnetic switch
controlled by a chemical reaction.

5.3.3. Nonacenes photogeneration

Graphene/Ru(0001) has been recently proposed for efficient on-
surface photogeneration of large acenes from a-bisdiketone precursors.
This is a relevant problem since acenes longer than pentacene have low
solubility and are highly reactive, which has prevented their synthesis in
solution. As discussed in section 4.2, Gr/Ru(0001) has an unoccupied
electronic state at +2.85 eV above the Fermi level, which originates
from the mixture of a Ru(0001) surface resonance and a graphene image
state. Reaching this empty state requires approximately the same energy
as that of the n-7* transition of the diketone group, which makes it ideal
to promote electron transfer from a photoexcited a-bisdiketone, hence to
undergo a chemical reaction. In a recent work reported in Ref. [223],
a-bisdiketone molecules were deposited on Gr/Ru and exposed to visible
light of 470 nm for 90 min, leading to the conversion of all precursors
into nonacenes (100% efficiency).

Fig. 16 A shows a submonolayer coverage of a-bisdiketone nonacene
precursors resulting from sublimation under dark conditions at room
temperature. The inset shows a topographic STM image of one of these
precursors, exhibiting two bright protrusions of similar apparent height,
which are associated with the bridged a-diketone groups pointing up-
wards. After irradiation of the sample by visible light of 470 nm for 90
min, photodecarbonylation of a-bisdiketone nonacene takes place,
leading to the formation of nonacenes. Fig. 16B shows an STM image of
one of the formed nonacenes, which at variance with that of a-bisdi-
ketone shown in the inset of Fig. 16 A, is uniform in apparent height. The
DFT simulated STM image shown on the right of Fig. 16 B confirms that
the observed image corresponds to nonacene physisorbed on Gr/Ru
(0001) and that the observed intramolecular structure resembles that of
the nonacene LUMO in the gas phase. The reaction takes place because
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Fig. 17. (Color online) Absorption spectra per unit volume of Ru(0001), Au
(111) and pristine graphene obtained in a Linear Response TD-DFT calculation.
The graphene results are multiplied by 10. The vertical blue line marks the
energy position of the light used in the experiments. Adapted from Ref. [223].
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

both the a-bisdiketone nonacene precursors and the above-mentioned
surface image state are localized in the low areas of the moiré.

It is important to stress that the reported efficiency represents a gain
of more than a factor of two with respect to the similar process occurring
on a Au(111) substrate [224]. This requires that the Gr/Ru(0001) sub-
strate efficiently absorbs photons in order to significantly populate the
surface states with hot electrons. The absorption spectrum per unit
volume shown in Fig. 17 confirms that this is indeed the case. The in-
tensity of the spectrum around 470 nm is more than twice larger for Ru
(0001) than for Au(111). This is due to the presence of empty d bands
just above the Fermi level, which is not the case for Au. The spectrum of
Gr/Ru(0001) is also more than an order of magnitude more intense than
that of pristine graphene. Therefore, the observed high photogeneration
yield on Gr/Ru(0001) results from the combination of (i) the high
photon absorption on Ru(0001) and (ii) the appearance of a spatially
localized surface state at the right energy due to the presence of the
graphene adlayer.

6. Concluding remarks and outlook

Throughout this manuscript, we have reviewed our current under-
standing of the properties of graphene adsorbed on metal surfaces and
its use as a template for adsorption and arrangement of organic mole-
cules. Upon generation on a metal substrate, graphene may remain
adsorbed pseudomorphically, when the lattice parameters of both pe-
riodic structures are comparable, or may suffer a strong distortion

Fig. 16. (Color online) (A) STM topography (Vb =
1.5V, It = 50 pA) image of a-bisdiketone nonacene
precursors on Gr/Ru(0001) after room temperature
deposition, recorded at 4.6 K. Inset shows a topo-
graphic image of a single a-bisdiketone nonacene
precursor. (B) STM image (Vb = 1.7 V, It = 100 pA)
of a nonacene molecule adsorbed on the Gr/Ru(0001)
surface after being exposed to visible light (4 = 470
nm) for 90 min. (C) simulated STM image. Adapted
from Ref. [223]. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)
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leading to the formation of a moiré. Similarly, when the interaction
between graphene and the metal is weak (physisorption), the graphene
electronic properties may remain almost unaltered, but when the
interaction is strong (chemisorption), graphene can be n-doped, due to
electron transfer from the metal to graphene, or p-doped, due to electron
transfer from graphene to the metal. This variety of scenarios make
graphene/metal substrates ideal templates to adsorb organic molecules
under very different conditions. For example, flat physisorbed graphene
can act as a buffer layer that keeps the adsorbed molecules isolated from
each other and decoupled from the metal surface, which allows one,
among other things, to perform detailed studies of the electronic and
structural properties of these molecules, not possible in the gas or the
condensed phases. But the deposited molecules can also experience the
transfer of electrons from and to graphene, which may eventually lead to
the formation of magnetic structures, or even lead to the formation of
organic monolayers. Also, the chemisorbed graphene, thanks to its
moiré pattern, can boost the formation of 1D and 2D organic structures
with functionalities as a result of the competition between the graphene-
molecule and the molecule-molecule interactions.

From all the possible graphene/metal templates, Graphene/Ru
(0001) is the one that has received the most attention and the one that
has been revealed as the most versatile to date due to its exceptionally
large corrugation and the strong n-doping of the lower areas of its moiré.
Among organic molecules, the phthalocyanines family has been the
most widely studied, although other organic molecules, from small ones
as TCNQ and TTF to large polymeric compounds, have been successfully
uses.

We are still far away from having exploited the full potentiality of
graphene/metal substrates. Apart from the obvious possibility of
exploring other families of organic molecules and other single-metal
substrates, it would be interesting to consider the case of bimetallic
substrates to improve on the tunability of the electronic properties of
graphene and its moiré. Both alloys and monolayers of metals grown on
different metal substrates could contribute to achieve this goal, as well
as intercalation of alkali or transition-metal atoms in between the gra-
phene layer and the metal substrate. There are neighboring research
fields that could also benefit very much from this systems, as, e.g., the
field of single-molecule junctions. Indeed, the modulation of the elec-
tronic properties of graphene all over the moiré could be used to
modulate the conductivity in these molecular junctions depending on
the specific anchoring site on the graphene/metal electrode. Also, the
high elasticity of the high areas of the moiré, which exhibit elastic
constants as high as 40 N/m in graphene/Ru substrates [222], could be
used to build very flexible organic superstructures. And what about the
existence of localized electron pockets in those same high areas? They
constitute a network of quantum dots that, by choosing the appropriate
organic molecules, could lead to periodic structures of interacting
quantum dots interconnected by the molecules that occupy the lower
areas of the moiré. Certainly, the deposition of organic molecules on
graphene/metal substrates will continue to provide us with new unex-
pected findings and some surprises in the coming years.

All the knowledge acquired for Gr/metal systems will also be valu-
able for the development of new templates involving other two-
dimensional materials adsorbed on transition metal surfaces. In this
respect, boron nitride (h-BN) on Rh(111), that forms a moiré structure of
combined wires and nanopores, has already been used as a template for
the adsorption of C60 molecules [225], showing the existence of a phase
transition between randomly oriented molecules at room temperature
and ordered molecules with a common orientation at low temperature
[226]. This same template has also been employed to adsorb F4-TCNQ
[227] and azobenzene molecules, h-BN/Cu(110) to create herringbone
structures of PTCDA molecules, and b-BN/Cu(111) [228,229] and
h-BN/Ir(111) [230] to adsorb a variety of other organic molecules. 2D
metal diselenides have also been grown on transition metals. For
example, PtSe2 (CuSe) grown on Pt (Cu) substrates form triangular
patterns where organic molecules, such as Pentane (FePc), can get
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adsorbed and form ordered structures [231]. No doubt, the exclusive
properties of these non-graphene-based templates, in combination with
those already reported and the ones to come for graphene-based sub-
strates, will widen the range of applicability and control of molecular
adsorption in 2D materials grown in metal substrates.
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List of acronyms

AES Auger electron spectroscopy

AFM atomic force miscroscopy

ARPES  Angle-resolved photoemission spectroscopy
BTB 1,3,5-benzenetribenzoic acid

CVD Chemical vapor deposition

DDQ 2,3-dichloro-1,4-benzoquinone

DB-CTCDI 1,7-di(butyl)-coronene-3,4:9,10-tetracarboxylic acid
bisimide

DP-PTCDI 1,7-dipropylthio-perylene-3,4:9,10-tetracarboxydiimide

DFT Density functional theory

FER Field emission resonance

F4-TCNQ tetrafluoruro-tetrocyanoquinodimethane

GGA Generalized gradient approximation

HREELS High-resolution electron energy loss spectroscopy

LDA Local density approximation
LEED Low-energy electron diffraction
MO Molecular orbital

NC-Phg-CN  Para-hexaphenyl-dicarbonitrile

Pc Phthalocyanine

PTCDA Perylene-3,4,9,10-tetracarboxylic-3,4,9,19-dianhidride

PTCDI  Perylene-3,4,9,19-tetracarboxylic-3,4,9,10-dianhydride-
diimide

RHEED High-energy electron diffraction

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

TDS Thermal desorption spectroscopy

TCNQ  Tetracyanoquinodimethane

TCNE Tetrocyanoethylene

TIF Tetrathiofulvalene

UHV Ultra high vacuum

UPS Ultraviolet photoelectron spectroscopy

vdw van der Waals

XPD X-ray photoelectron diffraction

XPS X-ray photoelectron spectroscopy

4-amino-TEMPO 4-amino-2,2,6,6,-tetramethyl-1-piperridinyloxy

2,4’-BTP 2,4'-bis(terpyridine)

3,3'-BTP 2-phenyl-4,6-bis-(6-pyridin-3-yl)-4-((oyridin-3-yl)pyridin-2-
yDpyrimidine
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