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Abstract

Chemical vapor deposition (CVD) on metals is so far the best suited method to pro-
duce high quality large-area graphene. We discovered an unprecedentedly large family
of small size-selective carbon clusters that form together with graphene during CVD.
Using scanning tunneling microscopy (STM) and density functional theory (DFT), we
unambiguously determine their atomic structure. For that purpose we use grids based
on a graphene moiré and a dilute atomic lattice that unambiguously reveal the binding
geometry of the clusters. We find that the observed clusters bind in metastable config-
urations on the substrate, while the thermodynamically stable configurations are not
observed. We argue that the clusters are formed under kinetic control and establish

that the evolution of the smallest clusters is blocked. They are hence products of surface



reactions in competition with graphene growth, rather than intermediary species to the
formation of extended graphene, as often assumed in the literature. We expect such
obstacles to the synthesis of perfect graphene to be ubiquitous on a variety of metallic

surfaces.
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Introduction

Graphene, as a monolayer of sp?-hybridized carbon atoms, has emerged over the past few
years not only as a prototypical two-dimensional material with remarkable electronic prop-
erties,! but also by raising interest for electronic, optoelectronic or biosensing applications.?
The historical micromechanical cleavage method produces high-quality samples, but cannot
be scaled up at the industrial level. In contrast, CVD provides an excellent compromise
between yield and sample quality, making it an ideal method for large-scale applications.
CVD consists in the exposure of a metallic surface to a hydrocarbon precursor at a high
enough temperature, and relies on the metal’s catalytic activity to decompose the precursor
and promote the formation of graphene. Over the years, this method has been successfully
developed on a large variety of transition metals, such as Cu, Ir, Pt, Ni, Ru, Rh, Re to name
a few.3

Among the possible substrates, Ru(0001), Rh(111) and Re(0001) constitute a family of
metals, whose d electronic bands lie close to the Fermi level and strongly hybridize with
graphene’s m bands, leading to short C-metal bonds.* Consequently, they favor a single ori-
entation of graphene,?® making them attractive candidates to grow large-scale single-domain

graphene with high crystalline quality. This single orientation also gives rise to well-defined



moiré patterns, which have been used in turn as templates to deposit molecules® or size-
selective metallic clusters,%” in the pursuit of applications such as magnetic data storage
or spintronics.® Tt is also worth noting Re(0001) has raised fundamental interest, as it is a
platform where both spin-orbit coupling? and induced superconductivity ! can coexist.

The strong affinity of this family of metals with carbon also results in the formation of
phases competing with graphene growth. Indeed, surface carbide formation is promoted on
Rh(111)" and Re(0001)'%13 at high enough temperature. Moreover, at even higher tem-
peratures, bulk dissolution of carbon is favored for Ru(0001),'* Rh(111)," and Re(0001).'?
Graphene growth on Ru(0001) and Rh(111) is also very similar, as it proceeds through three
temperature-programmed regimes. First, below ~700 K, the hydrocarbon precursors de-
compose in several steps as the temperature is raised, until their full dehydrogenation at
~700 K. STM images and high resolution electron energy loss spectra acquired at different
steps of graphene growth on Ru(0001) suggest a similar scenario. '6:17

At higher temperature (typically 700 — 1000 K) such that extended graphene forms, the
carbon species reported on the surface are of two kinds : C monomers and various size-
selective carbon clusters. 1120 Finally, for temperatures higher than ~1000 K, elementary

1521 50 graphene growth proceeds exclusively

carbon atoms are the only remaining species,
by attachment of C monomers and short C chains.??

The Ru(0001) and Rh(111) surfaces promote the formation of two specific size-selective
C clusters (various small-size clusters were also observed on Pt(111)?*?* and Ir(111),%5%
but whether they are size-selective is unknown so far). These clusters were observed with
STM. It was proposed that they are composed of three and seven hexagonal rings, 12" {3C6
and—7C6); which corresponds to the structure of dehydrogenated phenalene and coronene
respectively, as illustrated on Figures 1b,d. However, later DFT studies put this claim into
question on two grounds: first, the much higher stability of pentagon-membered molecules

of similar size, and second, the better agreement obtained by simulating STM images with

these molecules.?” % In particular, the seven-hexagon-cluster7€6 cluster identification is re-



interpreted as a more stable cluster, whose structure consists of a central hexagonal ring
surrounded by alternating hexagonal and pentagonal carbon rings (C,466-365), similar to
a dehydrogenated sumanene molecule.?” In fact, the difficulty in unambiguously determining
the cluster is inherent to STM imaging, which a priori does not distinguish chemical and
structural features. The way the clusters bind on the substrate is here crucial, since it sets
the precise chemical nature of the individual atoms of the cluster. Information to this respect
could not be determined in experimental reports so far. 1152025 Probably for this reason, a
conclusive discussion on the stability of the C clusters was, to a large extent, left aside.

In the present work we have studied the formation of graphene on the Re(0001) surface.
Atomically-resolved STM data compared to the result of DFT calculations reveal a strik-
ingly diverse family of size-selective C clusters. By discriminating crystallographic sites of
the metal surface that usually appear undiscerned in STM, we disclose how the clusters bind
on the metal surface. For that purpose we introduce a tool, the chemical equivalent of magni-
fying lenses, in the form of atomic masks consisting of a moiré nanopattern between graphene
and Re(0001), or of a dilute atomic lattice (here made of carbon). This way we manage to
solve the puzzle of the identification of the C clusters, and find dehydrogenated polycyclic
molecules, one made of three hexagonal rings (13 carbon atoms, C;3), another one made
of three open hexagonal rings, one close hexagonal ring and three pentagonal rings (Cg),

and three other, larger ones consisting exclusively of hexagonal rings.3G6;—+c6:—4G6-3G5;

We argue that the observed clusters are metastable and not the lowest-energy intermediates

towards the growth of graphene, at variance to the common wisdom. The formation and
the transformation of the observed clusters, and expectedly as well of those reported by

L1519 appears kinetically blocked rather than dictated by thermodynamics consid-

others,
erations. The smallest of these clusters even appears to be an obstacle towards the growth

of perfect graphene, and coexists with the latter up to advanced stages of preparation.



Results and Discussion
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Figure 1: Size-selective C clusters generated by catalytic decomposition on a metal. (a)
Three-dimensional STM topograph (bias voltage V,=-2 V. tunneling current ;=1 nA,
20x20 nm?) of a Re(0001) surface after thermal decomposition. A family of polycyclic C
clusters of well-defined size and crystalline orientation is observed. A double arrow highlights
the 2.3 nm periodicity of the moiré patches. (b-f) are close-up views (scale bars = 0.5 nm),
with a second-order polynomial background subtracted, of the five C clusters identified in
(a), with the frames’ colour matching that of the circles. (g-k) Ball-and-stick models of the
five size-selective C clusters. The binding configuration observed in STM is represented,
with one C atom on a top site of Re(0001) and the neighbor on the fce site (g,i,j, k3667565
12C6-and18C6-¢clusters), and the outer C atoms of the pentagons on fcc sites (h466-365

The clean Re(0001) surface was exposed at room temperature to carbon-containing
molecules, and further annealed under ultra-high vacuum (UHV) to trigger the catalytic
decomposition reaction (see Materials and Methods) known to yield graphene. %133 We find
that not only ethylene (here introduced in a controlled way under UHV), but also airborne
carbon-containing species such as carbon monoxide (see specific discussion in Materials and
Methods), can serve as precursor to the reaction and yield similar results. Thermal decom-
position of the molecules under UHV is catalytically activated by the metal, and generates

a high concentration of carbon adspecies at the surface. Beyond a threshold concentration



of these adspecies, graphene forms on the surface.!?

A family of size-selective clusters

Annealing the sample (here to 800 K under UHV) yields graphene patches, with extension
of the order of a few nanometers, as observed by STM (Figure 14a). These patches exhibit
a characteristic triangular pattern of about 2.3 nm in periodicity. Such a pattern is usually
described with an analogy to a moiré effect, between the mismatched Re(0001) and graphene

atomic lattices. 191231

We find that small clusters coexist with these patches, five of which
are highlighted in Figure 1. They all have three-fold symmetry, and all have a well-defined
crystallographic orientation — which is actually mirrored from one terrace of the substrate
to the neighbour terrace (See Figure S3). These features translate a symmetry breaking
by the metallic surface. The occurrence of the clusters on the surface decreases as their
size increases (Table S1). Close-up views of the clusters presented in Figures 1b-f reveal an
atomic-scale contrast. As already mentioned, the STM images do not, nevertheless, directly
unveil the atomic arrangement.

The way the clusters bind on the substrate has strong influence on their appearance
in STM. The appearance reported here is much different from that of molecules having

hydrogen-terminated edges, "%

and is characteristic of C-Re bonds at the edges of the
clusters. Supporting this view, earlier thermal desorption experiments showed that already
100 K below the temperatures we used, all hydrogen atoms contained in ethylene (one of the
precursors used here) have left the Re(0001) surface.??

Using geometry arguments, we now devise on the nature of the clusters and how they
bind to Re(0001). The first constraints are the size of the objects as they appear in STM and
their three-fold symmetry. We first focus on the smallest clusters (Figure 15). They cannot
comprise more than three benzene rings, and are hence dehydrogenated phenalene molecules

(C13366). In fact six possible configurations should be considered, each corresponding to a

distinctive position of the two carbon sublattices with respect to the various possible binding



Figure 2: Coexisting C adatoms. (a) STM topograph (V,=+0.5 V, I;=5 nA) of a Re(0001)
surface covered with C adatoms, size-selective C clusters, and graphene patches. (b) Same
image as in (a), overlaid with a grid mapping the position of most of the C adatoms, and
with a honeycomb-lattice marking the position of C atoms of the clusters. A majority of the
C adatoms lie on the vertices of the grid (green dots), while others lie on upward-pointing
triangles (erangepink dots) and even fewer on downward-pointing triangles (redwhite dots).
Upper inset indicates these positions are respectively hep, feec and top sites (see text). Lower
insets show a close-up view of the C;33G6 cluster with two possible interpretations. A white
dotted rectangle indicates the selected areas—eut analysed in greater detail in Figure 3.

sites on Re(0001) (Figure S4). By resolving the nature of all possible binding sites, we will

now show that only one of these is compatible with our observations.



Chemical magnifying lenses

We address three specific crystallographic sites of the metal surface. They are especially
important here since, as we will see, they are preferential binding sites of C atoms. They
are so-called top, hep, and fcc sites, corresponding respectively to the position of a surface
Re atom, and to two hollow sites surrounded by three metal atoms. The latter two hollow
sites differ only by the absence (fcc) and presence (hep) of a metal atom underneath them
(see inset in Figure 2b). They usually appear with very similar, often indiscernible contrast

in STM, but we will now see how they can be discriminated.

a

Y

RO

Figure 3: Chemical magnifying lenses, revealing the nature of the surface binding sites. (a)

Selected area in the STM topograph shown in Figure 2Gut-inthe Figure 2-STM-toposraph
(Vb=+0.5 V, I;=5 nA) focussing on the largest graphene patch. (b) Same image as in
(a), overlaid with the same grid as in Figure 2, and with a honeycomb-lattice marking the
position of C atoms of the graphene patch. RedWhite, erangepink, and green circles signal
respectively the hill, top-hep valley and top- fcc valley of the moiré superlattice. (c-e) Ball-
and-stick models for the configuration of each moiré typical sites: top-hep valley (c¢), top-fcc
valley (d), and fce-hep hill (e).

To do so we turn our attention to the atomic-scale features that surround the graphene
patches and clusters (Figure 2). They are bound to the substrate in a less random way
than it may seem at first sight. Figure 2a shows that they locally form a (2x2) lattice with

respect to the metal surface, also detected in our reflection high energy electron diffraction
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experiments. In fact, it is possible to overlay the image with a regular grid, whose vertices are
the most frequent position of the species (Figure 2b). There are exceptions, though, and we
will shortly come back to them. The presence on the same image of a graphene patch with a
moiré pattern makes it possible to ascribe the vertices of the grid to specific crystallographic
sites on Re(0001) (top, hep, or fce). Indeed, the well-recognisable moiré sites can serve as a
reference, and in this regard serve as the chemical equivalent of a magnifying lens.

We have previously shown that the moiré exhibits two low-lying regions that we refer to
as valleys.'® These two valleys have distinctive contrast in STM, revealed in Figure 3a and
identified in Figure 3b with green and yellow circles. In one of the valleys, the two carbon
sublattices that form graphene sit each on a top and a fcc site (green circle in Figure 3b,
ball-and-stick model in Figure 3d). In this area, none of the C atoms sit on the vertices of
the grid, which therefore corresponds to the hcp sites. Consistently, the vertices of the grid
coincide with one in every two atoms in the other valley (top-hep, Figure 3¢) and in the
hill (fce-hep, Figure 3e). Following the same line of thought, the fce and top sites can be
identified as the centres of respectively upward and downward-pointing triangles formed by
the grid. This identification is further reinforced by the relative populations of C atoms on
each site (see Figure S1 and associated discussion).

With this particularly valuable information in hand, usually missing to address the nature
of small-sized C clusters observed by STM without ambiguity,* we will see that the qualita-
tive appearance of the clusters in STM images allows to resolve their structure. Ultra-high
resolution such as achieved with functionalized atomic force microscopy tips at low temper-
atures®® is hence not indispensable here — standard STM instrumentation is sufficient.

The most straightforward implication of all the above considerations is that the clusters’
edges align to the dense-packed metallic rows. Besides, getting back to the C,33G6 cluster,
it can be noticed on the lower insets of Figure 2b that two configurations are possible,
and that for both the center of mass matches a top site. Among the six possible binding

configurations of the C;3366 cluster (Figure S4), four are then readily discarded, again for



Figure 4: Resolved structure and binding configuration of size-selective C clusters. (a) Top-
view ball-and-stick model of the C;3366 cluster on Re(0001) corresponding to the STM
observations, with atomic positions optimised by the DFT calculations. (b) Simulated STM
image of the corresponding configuration (V,=-2 V, [;=0.5-1 nA). (c¢,d) Side-views corre-
sponding to (a), in two different directions indicated by the red (¢) and blue (d) arrows
corresponding to {101} and {112} directions respectively. (e-h) Same as (a-d), for the
C9466-365 cluster.

geometric reasons. In the two remaining configurations, one C sublattice sits on top sites
while the other sits on either fcc or hep sites (the two configurations will be referred to as

top-fec and top-hep in the following).

Resolving the clusters’ binding configuration and structure

To discriminate between both configurations we simulated STM images. We first optimised
their geometry by DFT calculations taking van der Waals interactions into account (see

Materials and Methods). We find that the clusters are dome-shaped, in agreement with
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previous calculations?® and that the bonds they form with Re atoms induce significant lattice
distortion in the Re(0001) surface (Figures 4a,c,d). We then used the optimised geometry
as an input for STM image simulation taking the scanning tip into account (see Materials
and Methods).

A key-conclusion from these simulations is that for both top-fcc and top-hep configura-
tions, the strongest signal in STM is expected to match the position of the C atoms, to the
exception of three atoms — those at the perimeter, with lowest coordination, sitting on hcp
or fecc sites (Figures 4a,b and Figure S8%). This is true across a broad range of tip-sample
bias voltages V4, including at the 2 V value used in our experiments. This trait is a robust
qualitative feature, which lifts the indetermination of the molecule’s structure. Indeed, since
we have already identified the hep and fcee sites of the Re(0001) surface, our STM obser-
vations reveal C;33G6 clusters with one C atom on a top site, and its neighbor on a fcc
site. As a side note, the three C atoms at the periphery of the C;33G6 cluster lie on fcc
sites, and appear extinguished due to their strong bonding to the surface and to the cluster
dome-shape. A similar conclusion can be drawn for the other clusters (Figures S5 and S6).
We stress that very good agreement is obtained between the simulation (Figure 4b) and
experimental data (Figure 1b). For completeness we also simulated STM images for the four
other configurations, which clearly do not match with the experimental data (Figure S7).

This is to our knowledge the first clear-cut determination of the structure and binding
configuration of size-selective C clusters prepared by thermal decomposition on metals. For

(prohibitive) computational cost reasons, we do not address here the structure and binding

configuration of the three largest clusters highlighted in Figures 1d,e,f, but simply propose a
possible structure in Figures 14,5,k (see Supporting Information) Fhis-was-made-peossible-by

11



There are two species whose nature and binding to the substrate we have not discussed

yet. One which appears slightly larger than C;33G6 is the cluster shown in Figure 1c.
Unlike the others it exhibits a central hexagonal ring, rotated by 30° with respect to the
carbon lattice of the other clusters and of graphene. DFT calculations show that a 30°-
rotated compact cluster consisting of seven hexagonal rings?G6 is not stable on the surface.
We interpret this as a consequence of an unfavorable positioning of most of the C atoms
with respect to hep, fee, and top sites, with at best some C atoms sitting on bridge sites
(halfway between two neighbor Re atoms). The replacement of three of the peripheral
hexagonal C rings by pentagons, corresponding to a dehydrogenated so-called sumanene
molecule (Cy466-3C5), appears the most simple structure giving rise to more favorable
atomic coincidences. To test this structure, we studied different possible configurations of
clusters on Re(0001) with DFT calculations. Structure (meta)stability was only achieved
when the three outer hexagons of the clusters opened to let six C atoms at the periphery
sit on hollow sites, with two possible configurations, one for hcp sites, the other for fcc
sites (see second row from the right on Figure 5a and Figure S10). Once more, STM image
simulations reveal that strong signals in STM match with the position of the C atoms. As
previously for C;33G6, we hence establish that the observed configuration is that with the
outer C atoms of the pentagons sitting on fcc sites. The geometry optimised by DFT is
presented in Figures 4e,g,h and S10. It features significant distortions of both the carbon

and rhenium structures. A very good agreement is found between the STM data and the
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simulated image (compare Figure 4f and Figure 1cd).

The last species appears as a double-dot feature in Figure 1ae, but differently in other
measurement runs. We ascribe this changing appearance to slight variations of the tip apex’s
morphology. This extreme sensitivity to the tip’s details, a sign of a strong, very localised

density of state, prevents us to get further insight into the nature of this species.

T

Free energy

Figure 5: Thermodynamics and kinetics of the C clusters and graphene during the decom-
position reaction. (a) Energy (E) divided by the number of C atoms (n¢) derived from
the DFT calculations, for far-apart C atoms, two close-by C atoms, C clusters (C;3366 and
C9,466-3C5) and infinite graphene. The green frames highlight the C;3366 and C,;466-365
observed in STM measurements. (b) Free-energy versus n¢ diagram, where three possible
evolution paths are schematized for C species on the surface (see text). (¢) STM topograph
(Vb=-2 V, I;=1 nA) of a larget8G6 cluster (of the same kind as in Figure 1f, marked with
an arrow) incorporated by its edge to a graphene patch. (d) STM topograph (V4,=+0.03 V,
I;=6 nA) of a C,3366 cluster surrounded by graphene, at a more advanced stage of growth.
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Kinetically-blocked metastable carbon clusters

So far we have largely eluded a discussion on the energetics of the C clusters. The config-
urations that we have determined above are minima in the potential energy landscape of
the system, but in fact not global minima: they are metastable species. For instance, the
C13366 cluster observed in our STM measurements is in the fifth (out of six, see Table S2)
least stable configuration and the C,466-3G5 we observe is in the least stable binding con-
figuration (of the two possible ones). This is summarized in Figure 5a, which shows the
energy per C atom for the different binding configurations of C;3366 and C,;466-3C5, and
compares them to the cases of individual C atoms and graphene. On a Rh(111) surface,
Wang et al. already noticed that the STM observations were not compatible with a cluster
in the lowest-energy configuration deduced by DFT.?° They ascribed this disagreement to
shortcomings in the DFT calculations, which were not for instance including van der Waals
interactions. To further understand this disagreement, we have tested different implementa-
tions of the treatment of van der Waals interactions in our DFT calculations, and checked
the effect of taking into account spin-polarisation effects. We confirm the robustness of the
disagreement: the molecules that are observed in STM are indeed metastable, whatever the
DFT simulation scheme employed.

Furthermore, not only do the observed C clusters adopt metastable configurations, but
they are also significantly less stable than individual C adatoms sitting on hcp sites in a (2x2)
lattice. For instance, the C;33€6 cluster is 7.0 eV less stable (Figure 5a, note that energies are
given per C atom in this figure), showing there is no thermodynamic driving force towards
the formation of such C clusters. Even the C,4G6-3C5 cluster proves 3.3 eV less stable
than the (2x2) lattice. Under thermodynamical control, energy barriers to the formation
of the clusters would be negligible compared to thermal energy, so species would obey a
Boltzmann distribution according to their (meta)stability energies, and only a negligible
number of metastable C clusters should be observed. This apparent paradox simply shows

that the fate of the observed C clusters is instead under kinetic control, or that other effects
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such as surface dissipation or entropy, play a role.3*

To explicit this kinetic control, a few schematic paths leading from individual C atoms
to stable and metastable clusters and graphene are proposed in Figure 5b. A first path
(labelled ‘1’ in Figure 5b) involves the metastable Cy3 or Cy366-0r4C6-3C5 clusters (or
other metastable species) highlighted with green frames in Figure 5a. Along this first path,
energy barriers for formation and transformation of the cluster are respectively low and
high compared to thermal energy, so the formation of the cluster is facilitated while its
evolution is blocked. These long-lived clusters formed at high temperature are still present
once the sample has cooled down to room temperature for STM observations. Conversely,
(meta)stable configurations of clusters not observed by STM correspond to other paths
labelled ‘2’ and ‘3’ in Figure 5b. Path 2 is associated to lower activation energies for the
evolution towards graphene. These short-lived species cannot be captured in our subsequent
STM experiments. Finally path 3 involves high activation barriers for formation of species
which will therefore in practice never form regardless of their stability.

Hints for distinctive energy barriers along each path can be inferred from DFT calcula-
tions. Irrespective of the detailed nature of the reaction path involving a particular cluster
(this path may be complex given the number of degrees of freedom), we find that all con-
figurations of the C;3 clusters form strong bonds with the substrate via C atoms at their
periphery. The nature of these bonds is different for the metastable (observed in STM)
top — fec(Figure S8p) and stable hep — fee (Figure S8a) configurations. In the former case,
sharing of electrons occurs between a C atom and a single Re atom, while in the latter case,
sharing occurs within a hollow site, involving three Re atoms. The DFT calculations reveal
a stronger charge density along the single nearest neighbor C-Re pair involved at the edge
of the top — fcc configuration, than along each of the three nearest neighbor C-Re pairs in-
volved in the hpc — fcc configuration (Figure S9). Even if altogether, these three pairs bring
stronger stabilisation (the hpc — fec configuration indeed is the thermodynamically most

stable one), individually they seem more tolerant (labile) towards a transformation of the
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cluster to another species than the stronger single C-Re bond corresponding to the top — fcc

We stress that the formation of the most stable C;33G6 cluster is not forbidden in our
scenario. If it forms, its evolution must be easy, making it very short-lived at 800 K, and
then in practice elusive. Extensive STM imaging of the samples’ surface could indeed never
detect the C,3366 cluster in this binding configuration. The metastable C33G6 cluster
that we observe is on the contrary long-lived, and those we image are probably those that
remained immobile during the preparation of the sample at 800 K. If they were not, they
would presumably adopt the most stable binding configuration (which is more than 2 eV
more stable).

While they have been interpreted as the mobile key-intermediate species towards graphene
growth,>2Y our analysis of the C clusters energetics rather proves they are kinetically blocked
and immobile over extended durations including at temperatures characteristic of graphene
growth. As a result, they are involved in reaction paths characterised by high activation
energies, and their incorporation in graphene is strongly hindered.

The eventual fate of C clusters remains an intriguing question. Even though the individ-
ual evolution of C clusters cannot be monitored in our experiments, which take a snapshot of
the surface after a given reaction time, in several instances the first steps of a cluster being
incorporated are identified, as is the case of Figure 5¢ for a large cluster (of the same kind as
that highlighted in Figures 1f,k, presumably a Cs; cluster, see Supporting Information)8G6
eluster. This process is not easy, though: it involves a significant energy barrier. Indeed,
even after increasing the temperature to 1100 K (compared to the 800 K temperature ex-

periments discussed so far) and performing two annealing cycles in presence of ethylene, a
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substantial density of metastable C13366 clusters is observed, with a 50% reduction though.
On the contrary, we observe no Cy; cluster, consistent with earlier observations that partially
cyclized clusters readily evolve towards other species upon temperature treatment.3* This
could be accounted for by energy barriers to the breaking of the carbon-metal bonds in the
open cycles of the Cy; clusters in the range of 1eV.3> We note that for all kinds of clusters,
entropic effects that would increase the rate of their transformation towards other species
cannot be discarded.3?.

Figure 5d pictures a typical situation, where the graphene surface coverage is much higher,
above 90%, and still these clusters are found with a typical density of one per 100 nm?.
This-densityis-twiceless—thanin-the-previeus-experiments: Strikingly, graphene surrounds
the cluster, leaving Angstrom-scale gaps without incorporating it. Incorporation actually
seems to represent the limiting step in the growth of a full monolayer of graphene. In the
future, developing growth strategies that avoid these kinetically hindered reaction paths
may circumvent the formation of holes in graphene associated to the long-lived metastable
clusters, and yield graphene of the highest quality. For this purpose we suggest the use of

ad hoc-designed C precursors instead of the common short hydrocarbons.

Conclusions

We reported a uniquely large family of small size-selective C clusters {3-+866} forming upon
thermal decomposition of C-containing species on Re(0001). We provide the first clear-cut
resolution of their structure, and on a more general note, of such kinds of clusters by use
of standard high resolution STM. The methodology we introduced to do so is applicable to
other kinds of molecules. It relies on small graphene patches and the moiré pattern that they
exhibit, alternatively on dilute atomic lattices. While the latter lattice is formed together
with the molecules and graphene in our case, for future works it seems straightforward to

decorate the surface a posteriori with ad hoc atoms such as C or O atoms known to occupy
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specific surface adsorption sites. These patterns disclose the tiny differences in the chemistry
of distinct atomic-scale binding sites on the metal surface, which are often indiscernible with
even high-resolution scanning probe microscopy.

With the help of DFT calculations and image simulations, we also provide an interpre-
tation of the appearance of the C clusters in STM. The evolution of at least the smallest
of these clusters appears strongly hindered kinetically. As such they coexist until advanced
stages of graphene growth, and are for this reason obstacles to the achievement of high qual-
ity graphene. Increasing the growth temperature is a natural workaround to progressively
suppress such metastable clusters that are otherwise very long-lived, and to achieve highest
quality graphene by CVD — a long-standing objective in view of high performance applica-
tions. We stress that doing so is not possible in situations when graphene formation enters
in competition with other processes that are thermally activated, such as the transformation
of graphene into a metal carbide™!3 or the dissolution of C inside the bulk metal. 314 We
found that the former occurs on Re(0001) at hardly a few 10 K above the 1100 K temperature
we have used to prepare graphene.

Finally, we note that the observation of size-selective C clusters is not restricted to the
case of the Re(0001) surface, as they have also been reported on Ru(0001)!" and Rh(111),%
and that although so far unresolved, clusters with related appearance in STM have been

observed as well on Pt(111)% or Ir(111)% surfaces.

Materials and Methods

A Re(0001) single crystal, bought from Surface Preparation Laboratory, was prepared in-
side the same UHV system (107" mbar base pressure) where the STM measurements were
performed, by repeated cycles of Ar ion bombardment with 2 keV energy at 1020 K and
subsequent fast annealing to 1570 K. Thin Re(0001) (50 nm-thick) films were also used as
substrate, yielding equivalent results. They were deposited on a-Al,03(0001) by atomic

beam epitaxy!? in a separate UHV system, and introduced (after exposure to atmospheric
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pressure) in the UHV system where STM measurements were done.

The Re(0001) surface exposed to atmospheric pressure was first annealed to 570 K for 5 h
under UHV, and then merely annealed at 800 K, yielding graphene patches and C clusters.
The C precursor is in this case presumably an airborne species with a substantial sticking
coefficient on Re(0001) and decomposing on it upon thermal treatment. CO (fractions of
ppm in air, and decomposed on Re(0001) at a few 100 K3°) is the most obvious candidate.
The same products (graphene and C clusters) are obtained by annealing a clean Re(0001)
surface, freshly prepared under UHV and covered with a controlled amount of ethylene
(CyHy) deposited at 300 K. A high graphene surface coverage was obtained by exposing
Re(0001) to 1078 mbar of CyH, at 300 K and annealed twice between 300 and 1100 K. In
this case also we observe C clusters and graphene on the surface.

STM measurements were performed at room temperature using a Omicron-STM1 set-up
coupled under UHV to the chamber where the samples were prepared. Chemically-etched
W tips were employed for STM imaging.

DFT calculations were performed using the VASP code, with the projector augmented
wave (PAW) approach.3”3% The exchange correlation interaction is treated within the general
gradient approximation parametrized by Perdew, Burke and Ernzerhof (PBE).3° Van der
Waals interactions have been accounted for using Grimme corrections.*® More details are
given in the Supplementary Information. The energy per C atom (Figure 5a) is computed
by removing the energy of a bare Re surface Fy,¢, and using a single C atom on a hep site as a
zero-energy reference Eref = Eic pep— Esus. For a configuration of total energy Eiq, containing
nc carbon atoms, the energy per carbon atom FE is hence E = (Eio; — Faurt)/Nc — Eret-

DFT calculations within a local-orbital formulation were performed using the FIREBALL

41-43

code, with the exchange-correlation (XC) effects accounted for by a local density approx-

1,4' and the ion-electron interaction modelled by means of norm-

imation (LDA) functiona
conserving scalar-relativistic pseudopotentials.** More details are given in the Supplemen-

tary Information. The constant-current (I; ~ 0.5-1 nA) STM images have been computed
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at V,=-2.5 to 0 V, by using a Keldysh-Green function formalism, with the first-principles
tight-binding Hamiltonian obtained from FIREBALL.*?45"47 The electronic properties of both
the tip and the sample were taken into account. The sample corresponds to one of the DFT-
calculated configurations. The tungsten tip was simulated by five protruding atoms (one at

the apex) attached to an extended W(100) crystal.
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