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Transforming C., molecules into graphene
qguantum dots

Jiong Lu', Pei Shan Emmeline Yeo'?, Chee Kwan Gan? Ping Wu? and Kian Ping Loh™*

The fragmentation of fullerenes using ions, surface collisions or thermal effects is a complex process that typically leads
to the formation of small carbon clusters of variable size. Here, we show that geometrically well-defined graphene
quantum dots can be synthesized on a ruthenium surface using C,, molecules as a precursor. Scanning tunnelling
microscopy imaging, supported by density functional theory calculations, suggests that the structures are formed through
the ruthenium-catalysed cage-opening of C,,. In this process, the strong C,,-Ru interaction induces the formation of
surface vacancies in the Ru single crystal and a subsequent embedding of C,, molecules in the surface. The fragmentation
of the embedded molecules at elevated temperatures then produces carbon clusters that undergo diffusion and
aggregation to form graphene quantum dots. The equilibrium shape of the graphene can be tailored by optimizing the
annealing temperature and the density of the carbon clusters.

thermal and mechanical properties, and it shows promise

as a material for use in nanoelectronics'””. Graphene field-
effect transistors can be scaled to shorter channel lengths and
higher speeds without encountering the adverse short channel
effects that restrict the performance of existing devices®. Although
the vertical scaling of the device can be pushed to the ultimate
limit of a single atomic layer in graphene, the problem of lateral
scaling is not trivial and requires rather involved top-down lithogra-
phical approaches. Currently, top-down lithographical, solution-
phase chemical methods and surface-assisted coupling and cyclode-
hydrogenation of linear polyphenylenes have been applied to
produce graphene nanoribbons (GNRs)*”® and graphene
quantum dot (GQD)-based materials*571%11, Bandgap engineering
can be implemented in GNRs and GQDs due to quantum confine-
ment®!! and edge effects’, which is useful for realizing the potential
of graphene as a transistor. To date, the majority of solution-phase
methods produce irregularly sized and shaped graphene sheets due
to the intrinsic randomness of the defect-mediated exfoliation or
cutting process of the precursor graphitic flakes. To produce
highly regular graphene nanostructures, a fabrication process that
is driven by thermodynamics, as in crystal growth, should be
more suitable than defect-mediated fragmentation processes.

In principle, graphene and fullerenes are interconvertible.
Inspired by the surface-catalysed cyclodehydrogenation of polyaro-
matic precursors to form fullerenes and the direct transformation of
graphene to fullerenes'>!?, we explored the possibility that atomic-
ally precise GQDs could be generated from the metal-catalysed
cage-opening of C,. The idea is simple: every Cq, molecule has
the same size and shape, so the fragmentation of fullerene, if
carried out under well-controlled conditions, should produce uni-
formly sized GQDs. Carbon nanotubes, onions and graphitic
domains have been generated from the optical heating of functiona-
lized fullerenes'* and the decomposition of fullerenes on metal sur-
faces!>16. However, to date, the opening of the fullerene cage to form
GQDs has not been reported. Moreover, the fragmentation mechan-
ism of Cg, on metal surfaces is not well understood. Depending on
the diffusion rate of the C,,, fragments on a surface, these fragments
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may combine rapidly on the surface to form large graphitic sheets,
or may be confined on surface defects to form featureless clusters.
A narrow temperature or coverage window may exist where the
interparticle diffusion length favours the growth of GQDs with geo-
metric uniformity. Here, we report a mechanistic approach to the
synthesis of a series of atomically defined GQDs by the metal-catalysed
cage-opening of Cg,.

Geometrically well-defined GQDs on Ru(0001)

It is known that a graphitic carbon layer can be derived from the
surface-catalysed decomposition of Cg, adlayers on reactive tran-
sition metals. Supplementary Fig. S1 illustrates the transformation
of a high coverage of C, (® > 0.7 monolayer (ML)) to a single
layer of graphene covering a Ru(0001) surface after annealing the
sample at 1,200 K for 5 min. Within a coverage range of
02ML<® <0.7ML Cg,, the short diffusion distance between
the fragmented molecules favours the aggregation of these carbon
clusters, resulting in the growth of larger-sized and irregularly
shaped graphene nano-islands (Supplementary Fig. S2). To grow
GQDs, the interparticle diffusion length must be sufficiently long
(mean distance between Cgq, molecules, 15+ 3 nm) or the interpar-
ticle diffusion velocity must be sufficiently low to limit diffusional
aggregation of the decomposed C,, fragments. By controlling
these factors, GQDs with well-defined geometrical shapes can be
assembled from the carbon clusters derived from Cg,. Figure 1
shows the temperature-dependent generation of GQDs following
the annealing of the Ru surface with a low coverage of 0.08 ML
Cgo- Triangular GQDs with a 15+ 1% yield (apparent lateral size,
2.7nm) were produced following 1 min annealing at 725K
(Fig. 1a,b). We also observed parallelogram-shaped (2.7 x 4.2 nm)
(Fig. 1c), trapezoid-shaped (2.7 x 4.8 nm) (Fig. 1d) and hexagon-
shaped (10 nm) (Fig. 1f) GQDs, but these have lower yields com-
pared to the smaller hexagonal mushroom-shaped dots (0.9 nm)
on the surface (Fig. la, inset). Further annealing of the sample at
825K for 1min produced 5nm, perfectly hexagonal GQDs,
which have a 30+2% yield (Fig. le), while the small-sized
(<5nm) carbon clusters and GQDs disappear. Although some
GQDs synthesized here do contain point defects that affect the
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Figure 1| STM images of GQDs formed by decomposition of 0.08 ML C,, on Ru(0001). a, A 0.08 ML C,,/Ru sample after annealing at 725 K for 2 min.
Inset: magnified view of mushroom-shaped dots. b-d, Magnified views of triangular (2.7 nm, b), parallelogram-shaped (2.7 x 4.2 nm, ¢), trapezoid-shaped
(2.7 x 4.8 nm, d) GQDs. Inset to ¢: line contour taken along the green line in b. e f Hexagon-shaped GQDs (5 nm and 10 nm) obtained after further
annealing the sample at 825 K for 2 min. g, Representative local STS data for differential conductances d//dV of the GQDs in b (1), ¢ (D), e (IID, f (IV) and
for giant monolayer graphene on Ru(0001) (V). Tunnelling parameters: V=05V, I=0.1nA; V=03V, |=0.2 nA for the inset images inaand e; V=03V,

[=02nA (be); V=03V, I=0.1nA (d.

periodic moiré pattern of graphene on the periphery (Fig. le and
Fig. 4h), the majority of the GQDs show well-defined geometries.

It is expected that size confinement and the associated edge
effects of these two-dimensional nanostructures will give rise to
electronic properties that are different from those of bulk materials.
Atomically resolved topography reveals that the 2.7 nm GQDs with
zigzag edges have 2.5 A triangular lattice structures (‘3-for-6) (inset
of Fig. 1¢c) in both the moiré valley regions (centre area in Fig. 1b)
and maxima regions (circled area of Fig. 1b), an arrangement that
is unlike that of the large-sized graphene sheets, where the hexago-
nal honeycomb lattice pattern is present for the moiré maxima
regions only'”" (Supplementary Fig. S1). The lattice mismatch
between graphene and substrate gives rise to the characteristic
moiré-type pattern. The vertical buckling of the graphene in the
scanning tunnelling microscopy (STM) data'® gives rise to a 0.8 A
difference in the apparent height between the bright parts and the
dark region under a sample bias of 0.3 V. The corrugation
between bright and dark regions is also dependent on the sample
bias applied, which means the electronic effects in this system
result in stronger corrugation than the actual geometric roughness
of the graphene layer. The carbon atoms in the valley region interact
strongly with the Ru substrate, so the sublattice symmetry of gra-
phene is broken. Only the atoms of one particular sublattice are
therefore imaged by STM. In the area where the graphene is
buckled and not interacting with the substrate (circled area in
Fig. 1b), triangular GQDs exhibit a ‘3-for-6’ image. Several factors
could give rise to this, such as the presence of topological frustra-
tion?, which results in the appearance of spin states near the
Fermi level that are localized on one particular sublattice of the
GQDs (Supplementary Fig. S3), or arising from an edge-induced
interference pattern®!.

Measuring the bandgap of the GQDs

The correlation between the electronic properties of GQDs with their
atomic structure and lateral size was investigated using spatially
resolved scanning tunnelling microscopy (STS). The effect of
zigzag and armchair edges on the electronic properties can be
excluded, because the GQDs here have uniform zigzag edges. The
size-dependent bandgap of the GQDs is shown in Fig. 1g. As
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indicated in the dI/dV spectra (Fig. 1), the triangular-shaped, paral-
lelogram-shaped and hexagon-shaped (with lateral dimension 5 nm
and 10 nm) GQDs exhibit an energy gap of 0.8 €V, 0.6 €V, 0.4 eV and
0.25 eV, respectively (see Supplementary Information for more
details). The bandgap of GQDs increases with a reduction in
their lateral size, which is analogous to bandgap widening in
GNRs with a narrowing of ribbon width?%. The experimental gap
(Eg) versus size (L) relation for GQDs follows the relationship
Ey(eV)=177£0.12 eV nm/L%**! using a least-squares fit
(Supplementary Fig. S4), which is a close match to the predicted
scaling trend of E, (eV) =1.68 eV nm/L from quantum confine-
ment"?. The slight deviation can be explained by the interaction
between the GQDs and the Ru(0001) substrate. As the size of the
GQDs increases, the discrete energy levels centred at 0.5 eV and
0.9 eV for the 2.7 nm GQDs gradually vanish, and a typical dip at
-0.4 eV for epitaxial graphene appears when the size of the GQDs
reaches 5 nm, which corresponds to the charge neutral Dirac point
of graphene (Ep). At this energy, the linear 7 bands intersect at a
single point in k-space so that charge carriers vanish!®?*%. For
GQDs larger than 10 nm, a pronounced dip appears at -0.35 eV
and the tunnelling conductance increases sharply with energy for
both filled and empty states. A negative shift of the Dirac point by
0.35 eV is consistent with a substantial electron doping of the gra-
phene adlayer by the Ru substrate.

Ruthenium-catalysed cage-opening of C,,

How do the fullerene cages open and transform into GQDs? A com-
plete fragmentation of a monolayer of Cg film would produce five
graphene layers if all carbon atoms remain on the surface. However,
for a Ru surface adsorbed with monolayer to multilayer Cg, films,
only single-layer graphene was observed on the Ru(0001) surface
after annealing at 1,200 K for 5min (Supplementary Fig. S1).
Therefore, it can be inferred that there is substantial gasification
of the decomposed carbon fragments. To probe the decomposition
process of the fullerene and to examine how the surface-retained
fragments can transform into GQDs, we tracked the evolution of
a lone Cg, molecule on Ru(0001) (Fig. 2a). When the substrate
covered with 0.03 ML Cg, was gently heated to 450 K for 10 min,
the Cy, transformed into structures with threefold rotational
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Figure 2 | STM images of the C,-derived clusters after annealing a 0.03 ML film of C,, on Ru(0001). a, 0.03 ML C,, on Ru (0001). Inset: magnified
view of one C,, molecule after annealing the sample at 450 K. b,d,e, Bright dots observed after flash annealing at 725 K for 2 min: mushroom-shaped dots
(b) and flower-shaped dot (d); and three flower-shaped dots obtained at 825 K (e). Insets (b,d,e): magnified views of these dots. Top inset of b: line contour
of an individual C,, molecule (green curve) and bright dots in b (white curve). ¢, Surface diffusion and combination of C,-derived fragments (STM image
size, 4.5 x 4.2 nm). f, Histogram of dot size distribution at different annealing temperatures: 725 K for 2 min and 825 K for 1 min. Tunnelling parameters:
V=12V, [=0.08 nA, V=100 mV, | = 0.3 nA for the inset image ina; V=03V, [=0.2nA (b); V=12V, /=0.1nA (¢); V=03V, |=0.25 nA (d);

V=03V, /=0.16nA (e).

symmetry (Fig. 2a, inset). One interpretation is that the Cg, mol-
ecule is lying with one six-membered ring parallel to the
Ru(0001) substrate, as has been observed for Cq, molecules on
Pt(110) and Cu(111) surfaces?®?’. After flash annealing for 2 min
at 725 K, numerous bright spots that are distinctly different from
the starting C, were found on the surface (Fig. 2b,d). The apparent
height for these bright spots is 2.7 A, representing a decrease of 60%
from the initial height of 6.5 A for C, under a similar bias voltage.
The lateral size is also significantly reduced (Fig. 2b, inset).
Following a detailed investigation, three distinct structures were
observed at different annealing temperatures (Fig. 2b,de).
Annealing to 725 K produced flower-shaped dots with a threefold
symmetry (0.7 nm) (Fig. 2d), which constitutes ~23% of the
decomposition products (Fig. 2f). Hexagonal mushroom-shaped
dots with a lateral width of 0.9 nm were also observed with a 67%
yield (Fig. 2b). After annealing at 825K, the smaller flower-
shaped dots appear to have merged into larger ones (1.2 nm)
(Fig. 2e). The magnified view of a 1.2 nm dot (Fig. 2e, inset)
shows that it originates from the combination of three flower-
shaped dots, which are joined at a central protrusion spot.
Magnified STM images reveal a triangular lattice pattern for the
Cgo-derived dots rather than the hexagonal-shaped honeycomb
lattice pattern of giant graphene. In addition, the atoms at the per-
iphery of the clusters bond strongly to the substrate, resulting in an
upward lifting (0.28+0.02 A in the apparent height for the mush-
room-shaped dots) of the centre region relative to the edge,
forming a dome-like shape®®. The strong bonding of peripheral
carbon atoms to the substrate suggests that the edges of the clusters
are hydrogen-free.

How are the carbon clusters generated from the opening of the
Cgo cage? The STM images in Fig. 3 and Supplementary Fig. S6
provide an insight into this process (the thermal diffusion and
sinking of Cg, molecules are also visualized in a STM-recorded

video; Supplementary Movie 1). Annealing the sample to 500-550 K
initiates thermal hopping of the Cg, molecules and dissociation of
Cyo clusters on the terrace. In this temperature range, the diffusion
barrier of the isolated Cq, molecule is overcome and it moves to the
on-top adsorption sites on Ru(0001) (Supplementary Table 1).
Simultaneously, the Ru atom under the C, hops out to form a
vacancy, allowing the Cg, to sink lower into the surface (with a
decreased apparent height of 0.540.1 A; Supplementary Fig. S6).
Such an adatom-vacancy mechanism has been observed by Felici
and colleagues for Cy, on Pt(111)* and is predicted by Li and
colleagues to occur for Cgy on Ag(111) surface®. At the higher
annealing temperature of 650 K, embedded C,, molecule decomposed
to form carbon clusters, as shown in Fig. 3b.

To obtain an atomistic insight into the decomposition mechan-
ism of Cg, on the Ru surface, the adsorption of a Cy, molecule on a
five-layer Ru(0001) supercell slab was simulated using density func-
tional theory (DFT). The model considers the adsorption of Cy, on
a Ru vacancy site (on-top_vac model) and a non-vacancy site (on-
top model) (Supplementary Table 1). The configuration in which
the adatom-vacancy mechanism operates is the most energetically
favourable. The bond lengths between the C atoms of the bottom
hexagon ring and the closest Ru atoms (grey-pink bonds in
Fig. 3c) are, on average, 2.0% shorter in the on-top_vac than in
the on-top configuration. Likewise, the bond lengths between the
second-tier carbon atoms of the C,, and the closest Ru atoms
(black-pink bonds in Fig. 3d) are on average 2.5% shorter in the
on-top_vac configuration. The stronger interaction of the lower
hemisphere carbon atoms with the Ru substrate indicates the weak-
ening of certain C-C bonds in the C,, molecule. Figure 3d shows the
bond lengths of the bottom hemisphere of the optimized Cg, of the
on-top_vac configuration. The C-C long bonds, which are between
a hexagon and pentagon ring in Cg, (labelled in red) in Fig. 3d, have
been extended by ~2.6% on average compared to the perfect Cg,
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Figure 3 | Three-dimensional STM images of a carbon cluster derived from the decomposition of embedded C,, molecules on Ru(0001), and the
simulated ‘on-top_vac' configuration of a C¢, molecule on Ru(0001). a, Constant-current image at 600 K (e-Cg, embedded C; i-Cq, intact Cg(; image
size, 5 x 3 nm?). b, Constant current image at 650 K (d-C¢p, decomposition of embedded C,; image size, 5 x 3 nm?). ¢, On-top_vac configuration of the
Cgo molecule. The single-sided arrow indicates the top-down point of view, from which d is derived. d, C-C bond lengths of the bottom hemisphere of the

Cego in €. The top hemisphere is not shown for clarity.

molecule, and the C-C short bonds between two hexagon rings in Cy
(labelled in blue) have been lengthened by ~3.0%. Although the
calculations were performed at 0 K, we surmise that these lengthened
bonds constitute a fault line that can be ruptured by thermal energy.
At higher temperatures, sufficient energy can be generated from the
resonance of electron-phonon and phonon-molecular vibronic
coupling®® to rupture the fullerene cages into two unsymmetrical
hemispheres along the fault line. The surface-retained fragment
derived from the bottom hemisphere of the ruptured Cg, evolves
eventually into the observed surface-stabilized flower-shaped and
mushroom-shaped clusters on the Ru surface, while the top
hemisphere of the C, cage may desorb into the gas phase.

Peculiarity of a C, precursor in the formation of GQDs
One question is whether the GQDs obtained here are unique to the
Cyo precursor. At a fundamental level, the question is whether the
diffusional dynamics of the carbon clusters derived from Cg, is
unique for the growth of GQDs, as opposed to growth mediated
by adatom carbon diffusion. To answer this question, we compare
the carbon nanostructures produced by C,, and C,H,
(a commonly used precursor in chemical vapour deposition) in
the initial stage of graphene growth. A pictorial summary compar-
ing the growth of GQDs from C,-derivied carbon clusters and
large-sized graphene islands from C,H, is shown in Fig. 4.

First, at a low dosage of C,H, (<1 Langmuir (L)), nucleation of
C adatoms to form carbon clusters was observed to occur primarily
at the step edges of the substrate®2. It is well known that catalytic
dehydrogenation is more facile at these sites and the carbon
dimer is stabilized by the step geometry*>. In contrast, the majority
of C, molecules were observed to adsorb on the terraces (Fig. 2a).
Second, the much higher mobility of carbon adatoms derived from
hydrocarbon decomposition, as well as the tendency for smaller
carbon species to dissolve in the bulk and segregate®, makes it dif-
ficult to form small GQDs. Instead, large-sized, irregularly shaped
graphene islands are obtained by the Ostwald ripening process®~.
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In the case of Cqy-derived clusters, owing to the limited mobility
of the clusters and purely surface-mediated growth, each aggrega-
tion event is limited to only a few clusters, leading to the formation
of GQDs. We cannot preclude that growth of the GQDs arises from
‘one-by-one’ addition of carbon adatoms from carbon clusters
rather than the coalescence of whole clusters, due to the limited
temporal resolution of STM.

A lower diffusion coefficient (in the range of 10~ to
107" cm? s7') for these Cg,-derived clusters enables our dynamic
STM to capture the cluster movement at high temperature
(Fig. 2c and Supplementary Fig. S6). The GQDs derived are equili-
brium structures with minimized edge free energy®, exhibiting
highly symmetrical threefold and sixfold structures that are stable
to 1,000 K. (Fig. 5 and Supplementary Fig. S9). Some non-equili-
brium structures such as parallelogram- and trapezoid-shaped
GQDs, which were produced in much lower yield, were also
observed. It is instructive to see that these non-equilibrium struc-
tures transform into equilibrium shapes by the migration and
detachment of edge atoms during annealing (Fig. 5). We captured
the dynamic reconstruction of the boundary of these structures
using STM video (Supplementary Movie 2). The important stages
in the fragmentation processes, which follow the trapezoid — paral-
lelogram — triangle sequence, are captured and highlighted by the
brown circles in Fig. 5. Once the islands reach their equilibrium
shapes, the growth will cease and their shapes are retained on the
surface (Fig. 5 and Supplementary Fig. S9) to elevated temperatures.

In conclusion, we have demonstrated the formation of regularly
sized graphene quantum dots on Ru(0001) substrate using Cg,
which acts as a unique precursor compared to C,H,. STM
imaging provides direct evidence of the Ru-catalysed cage-
opening of C, and the assembly of its fragments into surface-stabil-
ized carbon clusters. Owing to the restricted mobility of these
clusters, the aggregation event can be more readily size-controlled
than with carbon adatoms derived from a hydrocarbon source.
On thermally activated diffusion, these clusters coalesced to form
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Figure 4 | Comparison of the growth mechanism of graphene nanoislands and quantum dots using C,H, and C,. a-d, Mechanisms using C,H,. Highly
mobile carbon adatoms from the dehydrogenation of C,H, (a). Nucleation of the C adatom occurs at the step edges (at <1L dose of C,H,) (b). Large-sized,
irregular shaped graphene islands are generated readily (at 1L < ® <10 L dose of C,H,). (1 Langmuir (L) =1 x 10" % torr s.) Corresponding STM images for
the growth of graphene islands from C,H, (c,d). e-h, Mechanisms using C. The majority of C¢y molecules adsorb on the terrace, and these decompose to
produce carbon clusters with restricted mobility (e). Temperature-dependent growth of GQDs with different equilibrium shape from the aggregation of the
surface diffused carbon clusters (f). Corresponding STM images for the well-dispersed triangular and hexagonal equilibrium shaped GQDs produced from
Cgo-derived carbon clusters (g h). Tunnelling parameters (cd, gh): V=05V, [=1nA.

Figure 5 | Series of STM images monitoring the transformation of trapezium-shaped GQDs to triangular-shaped GQDs at 1,000 K. The numbers in the
images indicate the time lapse in seconds. Tunnelling parameters (a-g): V=14V, |= 0.3 nA; image size, 25 x 12 nm>.

geometrically well-defined GQDs. The adatom-vacancy model rel-
evant to the molecular embedding and fragmentation of Cg, on
the Ru surface may have generic validity for semiconductor or insu-
lator substrates, which can exhibit strong substrate-carbon bonding;
the templated growth of GQDs on such surfaces may allow nano-
electronic applications to be developed. Arising from size effects
or topological frustration, graphene clusters of different shapes

and sizes may also exhibit magnetic properties, and can potentially
form building elements for logic gates in ultrafast high-density
spintronic devices.

Methods

The experiments were performed in an ultrahigh-vacaum (UHV) chamber at a base
pressure of 2 x 10~ ' mbar. The STM used was a SPECS STM 150 Aarhus unit.
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In addition to STM topographic images, STS data were collected that were an
arithmetic average of values measured at 50-70 different points (depending on
GQD size) over the surface of the GQDs. The Ru(0001) crystal was depleted of
carbon impurities by repeated cycles of argon ion sputtering at room temperature
p(Ar) =5 x 10~ ° mbar, 1.0 keV, followed by annealing in an O, pressure of

2 x 10”7 mbar at 1,000 K, then flashing to 1,600 K. The vacuum system was also
equipped with Knudsen cells (MBE-Komponenten) for the evaporation of

Cg, housed in the preparation chamber. During deposition, the substrate was held
at room temperature. The deposition rate of C, was calibrated by counting the
surface density of the large-scale STM images with coverage below 1 ML (one layer
of fully covered Cg).

Spin-polarized simulations based on DFT were conducted using the SIESTA
code’. The local density approximation for the exchange-correlation functional by
Ceperley and Alder was used”. We applied Troullier-Martins pseudopotentials®®. In
the case of Ru, relativistic and nonlinear core corrections were added. Double-{ plus
polarization localized basis orbitals were used, with the C (2s, 2p) and Ru (44, 5s)
electrons treated as valence. The Cg, molecule was modelled on a five-layer Ru slab
model (Fig. 3) with a 16.08 x 13.93 x 26.44 A supercell and a 3 x 3 x 1
Monkhorst-Pack sampling scheme. STM image simulations were conducted under
the simplifying assumptions of the Tersoff~-Hamann theorem®, which states that
STM images may be modelled by calculation of the local density of states (LDOS)
around the Fermi level of the surface of interest.

Received 1 December 2010; accepted 15 February 2011;
published online 20 March 2011
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