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ability to bind to a Si(111)-(7 x 7) surface and the impact on transmission properties is explored using
periodic density functional theory. The W 5d,2 orbital, the LUMO of the isolated cluster, plays a critical
role in all aspects, forming a covalent bond between the metal and the silicon surface, and then

providing an effective transmission channel that allows current to flow from the surface to STM tip.
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Introduction

Many of the recent advances in the field of molecular electronics
have been driven by studies of molecules with appropriate linker
groups (thiolate, for example) absorbed on metallic surfaces.
In such circumstances, the boundary between molecule and
surface is clearly defined and the effects of surface binding can
be viewed as a small perturbation to the electronic structure of
the molecule. This assumption is somehow intrinsic to the
concept of ‘molecular electronics’ because only in that limit can
we hope to interpret current/voltage characteristics based on
the properties of the isolated molecule. The integrated chip
industry is, however, based on silicon, and there is clearly merit
in studying molecules that are compatible with existing CMOS
architectures. Molecules that themselves contain silicon are
obvious candidates in this regard, and there is a growing
body of data on the gas-phase chemistry of endohedral silicon
clusters, M@Si,, containing a wide range of transition elements.
The fact that some of these clusters are particularly stable in the
gas phase for certain ‘magic’ values of n is well established
in the literature, courtesy of Beck’s original mass spectrometric
investigations® and a range of subsequent spectroscopic probes.*
The structures and magnetic properties of these clusters depend
critically on the identity of the transition metal, potentially
offering a means of tuning the properties of a surface upon
which they might be absorbed. Beck’s experiments used laser
vaporization of a silicon wafer to generate clusters in a molecular
beam which is then quenched in the presence of metal carbonyl
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The STM images therefore provide a very direct probe of the W-Si surface bond.

species to generate cationic clusters with formula [M@Si,]".
The dominant peaks in the mass spectra typically have values
of n in the range 14-17, with [WSi,s]" and [WSi,s]" particularly
prominent in the experiments performed with W(CO)s. Of more
direct relevance to this paper are the complementary experi-
ments carried out by Kanayama, Hiura and co-workers using
SiH,, rather than a silicon wafer, as a source of silicon. These
experiments generate clusters with general formula [MSi,H,]",
which typically contain smaller numbers of Si atoms (n) than
observed in Beck’s experiments. For example, n varies from 14
for early transition metals such as Hf to 9 in later metals such as
Ir. In the case of W, the dominant peak with n = 12 is completely
devoid of hydrogens (x = 0), an observation that was interpreted
to indicate that the metal atom is endohedrally encapsulated,
such that it saturates the valence requirements of all twelve
silicon atoms® (the @ is used from hereon in to indicate an
endohedral species). Computational studies on cationic WSi,
clusters (n = 6-16) suggest that the species such as the [W@Si;s5]"
ion observed in Beck’s experiments are truly ‘magic’ in the
sense that they represent a thermodynamic sink.®® The smaller
[W@Siy,]" clusters, in contrast, owe their stability to kinetic
factors, because further growth would require direct contact
between the transition metal and additional molecules of SiH,,
and this is prevented by the adoption of the endohedral
geometry. Lu and Nagase’s study of neutral clusters has also
emphasised the relative thermodynamic stability of W@Si;e
over W@Si,,.?” Nevertheless, the structure and spectroscopy of
the M@Si;, family of clusters has been the subject of numerous
experimental and computational studies which have established
the stability of a hexagonal prismatic geometry for W@Si;, and
its isoelectronic analogues Cr@Si;, and [Mn@Siy,]".*>” Our own
analysis of the electronic structure of this family suggests that
residual Si-Si © bonding within the Si;, cage is an important
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stabilising component,® and this unsaturation may play an
important role in binding to a surface.

The motivation for this work was provided by another set of
experiments reported by Kanayama and co-workers, where they
generated different members of the [TaSi,H,]" series from the
reaction of Ta* ions with SiH,.° The beam of ions produced
contains a mixture of clusters with n = 10-13 and x = 0-6, with
the [TaSi;oH,]" and [TaSi;;H,]" species the most abundant.
The inherent reactivity of these clusters means that crystalline
samples remain elusive, but scanning tunneling microscopy
(STM) images of the [TaSiy 13H,]" clusters deposited on a
Si(111)-(7 x 7) surface suggest that at least some of the clusters
retain their integrity after surface binding.’ In principle, at
least, this represents a top-down approach to the integration of
metal atoms into a silicon surface via soft landing of pre-formed
gas-phase molecular clusters. Kanayama’s STM measurements
reveal bright dots on the surface with a narrow range of heights,
which were assigned to intact surface-absorbed clusters. The
precise geometries of these surface features are not clear, but
the authors noted that [Ta@Si;,]  is isoelectronic with W@Si;,,
and suggested on that basis that electron transfer from the
surface to the cluster might therefore stabilise a hexagonal
prismatic structure. However, given the very similar chemical
composition of the surface (Si) and the substrate ([TaSi;o 13H,]"), it
seems at least possible that the absorption process will also involve
the formation of at least some new covalent bonds between
the surface and the substrate, in which case the relationship
between the gas-phase cluster and the absorbed species is at
best ambiguous. In the limit that the newly formed Si-Si bonds
are stronger than the Ta-Si bonds in the cluster, we might
anticipate a completely destructive absorption event (a ‘“hard
landing”’) leading to metal silicide-type structures, the proper-
ties of which bear little or no resemblance to those of the initial
cluster. The formation of metal silicide islands by evaporation
of metals onto a clean silicon surface is well established,'®” and
leads to ‘magic’ clusters, including the so-called /7 and v/19
ring clusters of first-row transition metal ions (Fe, Co and Ni)
shown in Fig. 1a and b.’°*" The precise atomic arrangement in
these v/7 and /19 structures remains a matter of debate, but it is
clear that they contain one and three metal atoms, respectively,
and that these atoms occupy substitutional sites in the surface
layer. Additional silicon atoms complete a 3-dimensional coor-
dination environment about the metal whilst also forming
additional Si-Si bonds to each other and to the silicon surface.

Fig. 1 Schematic representations of (a) a v/7 ring cluster (b) a v/19 ring
cluster and (c) a surface-absorbed M@Si;» molecule. Metal atoms, surface
silicon atoms and additional silicon atoms are shown as yellow, light blue
and blue balls, respectively.
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In a very recent report, Lilley and co-workers have deposited
nickel onto a 7 x 7 reconstructed surface, and observed both

types of cluster, the larger /19 variant dominating at higher
surface coverages."' The band gap, as measured by resonant
peaks above and below the Fermi level in the dI/dV trace, is

smaller in the v/19 cluster, as might be expected for a larger
quantum dot. The idealised image of a hexagonal prismatic
M@Si;, cluster placed on a silicon surface shown in Fig. 1c
emphasises the point that such an arrangement is not so
dramatically different from the v/7 metal silicide structure: only
relatively minor rearrangement of atoms is required to convert
one into the other.

Datta and co-workers have set out the inherent challenges of
computing electron transport properties on silicon,"” the most
obvious being that it is a band-gap semi-conductor and not a
metal. The effects of charge depletion due to absorption of a
molecule can also extend several layers into the surface of
crystal, necessitating the use of a relatively deep surface unit
cell. Moreover, the perfect silicon(111) surface (the most readily
accessed surface from bulk cleavage) is highly reactive due to
the presence of ‘dangling bonds’ on the unsaturated silicon
atoms, and rapid reconstruction occurs under ambient condi-
tions to form an Si(111)-(2 x 1) reconstructed surface where
the dangling bonds arrange into mn-bonded chains.’*'* Above
400 °C, a further more complex reconstruction occurs to generate
the Si(111)-(7 x 7) surface featuring ad-atoms, dimeric units
and deep ‘corner holes’.">” The dangling bonds on the Si(111)
surface introduce a finite density of states in the band gap, the
precise structure of which is highly dependent on the subtleties
of the surface reconstruction (vide infra). The energy associated
with absorption of small molecules can also be competitive
with the intrinsic driving forces for reconstruction and, as a
result, the process of absorption can change the nature of the
reconstruction or even quench it entirely."® A combination of
all these challenges means that there have been relatively few
studies of electron transport properties of molecules on silicon
surfaces, although silicon clusters sandwiched between Au and
Si electrodes have been reported by Seminario and Yan.' The
aim of this paper is to use theory to establish the degree to
which the intrinsic electronic fingerprint of the cluster survives
the process of surface absorption, and therefore the extent to
which it is valid to interpret the measured STM properties in
terms of the isolated molecule. To do so, we first explore the
structural and energetic aspects of the absorption of M@Siy,
clusters on the silicon surface, and then consider how the
perturbation of the molecule by the surface and vice versa
impacts on the transmission properties of the junction.

Computational methods

The properties of the isolated gas-phase molecule W@Si,, were
calculated using the ADF software package (ADF2013.01)*° with
the PBE functional.*" Polarised all-electron Slater-type basis
sets of triple-{ and double-{ quality (TZP/DZP) were used for
tungsten and silicon, respectively.”” Scalar relativistic effects
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were included according to the zeroth-order regular approxi-
mation (ZORA) to the Dirac equation in all calculations.”® The
absorption of the molecule on a surface was probed using a
plane-wave basis (280 eV cutoff) in VASP, version 5.3.2,>* with
the PW91 functional and projector-augmented wave pseudo-
potentials.> The Si(111)-(7 x 7) surface was modelled using two
bilayers of the unreconstructed (111) surface, the unsaturated
valences on the lower layer being passivated with hydrogens.
This equates to a SiygoHo unit cell. In the ab plane, the
hexagonal lattice parameters are a = b = 26.88 A and a vacuum
separation of 10 A was left between the periodic repetitions
along c. The Si atoms in the passivated layer were kept fixed at
their bulk positions to avoid unphysical perturbations to the
surface. A 2 x 2 x 1 Monkhorst-Pack k-point grid was used to
sample the Brillouin zone for all cases based on the 7 x 7
reconstructed surface.*® For calculations based on the Haneman
and Pandey reconstructions we used a 3-bilayer deep 4 x 4
expansion of the unit cell of the unreconstructed surface in the
a and b directions. The unsaturated valences on the lower surfaces
were again passivated with hydrogens, giving a SigsH; unit cell.
A 4 x 4 x 1 Monkhorst-Pack grid was used for calculations based
on a2 x 2 x 1 unit cell. The electron transport properties of the
absorbed cluster were calculated using the Atomistix Tool Kit
(ATK), version 2016.4,>” using the PBE functional and polarised
numerical LCAO basis sets of double-{ polarized on all atoms.?®
The Brillouin zone is sampled on a 5 x 5 x 100 Monkhorst-Pack
grid. The eigenstates of the molecular projected self-consistent
Hamiltonian (MPSH) are computed to provide a direct connection
to the eigenvalues of the Kohn-Sham Hamiltonian of the isolated
molecule. The MPSH eigenstates were projected onto the cluster,
the four gold tip atoms, the seven surface silicon atoms that are
connected directly with the cluster and three further surrounding
silicon atoms.

Results and discussion
Electronic structure of the W@Si,, cluster

The electronic structure of De,-symmetric hexagonal prismatic
clusters such as Cr@Si;,, Mo@Si;, and W@Si,, has been studied
extensively by us®” and several other authors,” so we offer only a
brief summary of the most relevant features of the electronic
structure here. The W-Si bonding is dominated by the eight
electrons in degenerate orbitals with W dy;;, and d._jey,
character (2e;, and 2e,,, respectively, in Fig. 2). A feature
of some relevance to the subsequent discussion of surface
binding is the cluster LUMO, with dominant metal d,. character,
directed along the 6-fold axis of the cluster (5a,4 in Fig. 2). The
presence of the vacant but almost entirely non-bonding metal d,.
orbital renders this 16-electron cluster highly electron deficient,
to the extent that the ground state of valence isoelectronic
[Mn@Si;,]" is in fact a biradical where this orbital is singly
occupied.? In the context of surface binding, the vacant d,. orbital
provides a facile pathway for the formation of covalent bonds to
the silicon surface. One final point of relevance to the discussion
is the unsaturation of the Si-Si bonds that make up the Si;,
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Fig. 2 Kohn-Sham orbital array of the isolated W@Siy, cluster.

framework. A completely saturated Si;, cluster would have 57 = 60
valence electrons, so the total electron count of only 54 in W@Si,
implies a degree of unsaturation. The vacant 3b,, and 3e,,
orbitals shown in Fig. 2 have distinct Si-Si n* character: these
orbitals will prove to play an important role in binding the
cluster to the surface.

Models of the reconstructed silicon surface

Low-index silicon surfaces are well known to undergo complex
reconstructions, the study of which has relied heavily on the
interpretation of low-energy-electron diffraction (LEED) data.
The idealised surface, shown in Fig. 3b, has local 3-fold
symmetry, but even at temperatures as low as 9 K a rapid
reconstruction is observed.>® The earliest atomic-scale model
for the Si(111) surface was due to Haneman (Fig. 3c), where
alternate atoms in the surface layer are raised.’’**> Based on
polarisation-dependent angle-resolved photoemission spectro-
scopy (ARUPS) experiments,”>** Pandey proposed an alternative
2 x 1 model where the adatoms form zigzag m-bonded chains
(Fig. 3d)."* Northrup and Cohen'’s calculations show that Pandey’s
model is the more stable of the two and, moreover, that it can be
accessed easily from the perfect (111) surface via a barrier of only
0.03 eV per surface atom.>® STM images of the 2 x 1 reconstructed
(111) surface confirm the presence of the parallel rows of atoms in
Pandey’s model.***” When the 2 x 1 reconstructed (111) surfaces
are annealed at elevated temperatures, a further, irreversible,
rearrangement occurs to a more complex 7 x 7 reconstruction
described by Takayanagi’s “dimer-adatom-stacking fault” (DAS)
model, shown in Fig. 3a."”*® The Si(111)(7 x 7) unit cell is
divided into “faulted” and “unfaulted” halves, each of which
has six surface adatoms along with deep holes at the corners that
penetrate to the base layer. There are 19 unsaturated valences
(i.e. 3-coordinate Si atoms) in the 7 x 7 unit cell: twelve on

This journal is © the Owner Societies 2019
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Fig. 3 Models of silicon surfaces (red circles mark possible sites for absorption of a W@Siy, cluster): (a) the “"DAS” model of the 7 x 7 reconstructed
surface, (b) an unreconstructed Si(111) surface, (c) Haneman’s 2 x 2 reconstruction and (d) Pandey’s 2 x 1 zigzag chain model. The blue dashed line in (b)
indicates the intrinsic 1 x 1 unit cell of the (111) surface while red dashed lines indicate the unit cells used in the calculations (7 x 7 expansion and 4 x 4

expansions in a and b, ¢, d, respectively).

adatoms (dark blue in Fig. 3a), six on atoms in the ‘rest’ layer
(green) and, finally, one per unit cell at the base of the deep
corner hole (red). Moreover, in each half of the unit cell the six
adatoms separate into two symmetry-distinct types: three at the
corners, in the vicinity of the deep surface holes (identified in
Fig. 3(a) by the red circles at A and A’), and three in the centre
of the unit cell (B and B’). The reduction in the number of
dangling valences from 49 in an unreconstructed 7 x 7 expan-
sion of the (111) surface unit cell to 19 in the DAS model
provides the driving force for the reconstruction, and early DFT
calculations by Brommer et al.*® confirmed its stability relative

This journal is © the Owner Societies 2019

to Pandey’s 2 x 1 reconstruction."® This thermodynamic stabi-
lity has made Si(111)-(7 x 7) the surface of choice for many
studies of surface absorption, including the work by Kanayama
and co-workers that is the motivation for our work.” We begin
our study of cluster absorption by considering the large 7 x 7
reconstructed DAS model but, ultimately, a unit cell of
these dimensions is impractical for the subsequent study of
transmission, where a large number of sub-surface layers are
required. We therefore also consider the smaller reconstruc-
tions of Haneman and Pandey which are more amenable to
transport calculations, with the aim of establishing the extent
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to which the important features of surface absorption identi-
fied on the Si(111)-(7 x 7) surface can be reproduced satisfac-
torily using smaller models.

Absorption of the W@Si,, cluster on Si(111)(7 x 7)

A number of previous authors have considered the site preferences
for absorption of atoms or small molecules on Si(111)-(7 x 7).
Early work by Brommer and co-workers used the concept of local
softness to predict the preference for corner holes, adatoms and
rest atoms as a function of the properties of the adsorbate (electron
donor or acceptor).’” More recently, STM studies on hydrogen
absorption have indicated a clear preference for absorption on
top of either ‘rest’ atoms or surface adatoms*' while the group
11 metals Cu, Ag, Au, in contrast, bind preferentially to higher-
coordinate sites on the surface.*” The different behaviour of the
metals most likely reflects their larger size, which allows them to
saturate the valence of three dangling bonds rather than only
one. Even with monoatomic species, then, the landscape for
absorption on the Si(111)-7 x 7 surface is a complex one. Rather
fewer studies have been devoted to the absorption of molecular
species, although Klamroth, Palmer and co-workers have reported
arecent study of chemi- and physisorption of chlorobenzene on
the 7 x 7 surface,*® where previous STM studies by Chen et al.
had indicated a preference for absorption at the centre adatom
of the faulted half.** The authors constructed cluster models by
slicing out fragments of the unit cell, and identified favourable
chemisorption sites in the vicinity of the centre adatoms.
We also note in this context the previous work of Robles and
Khanna, who explored the absorption of Cr@Si;, on a perfect
Si(111) surface. Although this model does not address the
subtleties of the different absorption sites on the Si(111)-(7 x 7)
surface, it highlights the potential importance of bond for-
mation between the surface and both Cr and Si atoms of the
cluster.”® Our calculations on the Si(111)-(7 x 7) surface employ
a slab model with two layers of the unreconstructed lattice. The
optimised structure of the clean surface (Fig. 3a) is very similar to
that proposed by Takayanagi and computed by Brommer et al.,"”*°
with prominent adatoms on both the faulted and unfaulted halves.
The W@Si;, cluster was then docked onto several positions in the
unit cell and the structure then relaxed to a local minimum.
Specifically, we have considered docking onto each of the four
symmetry-distinct adatoms shown in Fig. 3 (A, A’, B and B’) and
also at C and C’ which have local 3-fold symmetry and are
surrounded by three centre adatoms and three rest atoms, all
with dangling valences. Finally, we have aligned the W@Si;,
unit along the interface between the faulted and unfaulted
halves of the unit cell via a hexagonal or a rectangular face
(D and D,, respectively). The structures and relative energies of
the four most stable optimised structures (A, A/, C and C’) are
summarised in Fig. 4 - the remaining four (A, A’, D and D,) are
shown in ESL 7 Fig. S1. The most favourable absorption sites
prove to be above the central adatoms (B or B’ on the unfaulted
and faulted halves of the unit cell, respectively), and the relaxed
geometry is locally very similar in both cases. The most con-
spicuous feature of the absorbed cluster is the formation of
a direct bond between the W atom and the surface adatom
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(shown in dark blue in Fig. 4), at a distance of ~2.6 A in each
case. The bonds between this adatom and two of the silicons in
the rest-atom layer to which it was originally bonded are broken
as a result, and these two silicons form covalent bonds to two
atoms in the base hexagon of the cluster. Finally, two new Si-Si
bonds are formed between the cluster and two of the unsatu-
rated atoms in the rest layer (green). The bottom hexagon is
split into two Si; units, with a distinct hinging pushing three of
the atoms in the upper hexagon upwards relative to the other
three. The uppermost Si atoms of the cluster lie between 4.1 A
and 4.6 A above the surface layer, a value that is consistent with
Kanayama’s upper limit of 4.4 A for the surface features
observed in the STM images.” The energies of the B and B
adducts are very close (AE = 0.06 eV) but the marginal pre-
ference for binding on the faulted half of the unit cell is at least
consistent with the STM observations, where the ratio of
clusters in the faulted and unfaulted halves was approximately
2:1.°

The structures of the A and A’ isomers, where the cluster
binds to a corner adatom rather than a central one, are
qualitatively very similar to B and B’, but are ~0.8 eV higher
in energy (ESLt Fig. S1). A short surface Si-W bond is again
present in both cases, as is the distinct puckering of the upper
Sic hexagonal layer: this feature therefore appears to be char-
acteristic of bonding to a surface adatom. Several explanations
for the general preference for adsorption at the centre rather
than corner adatoms have been put forward in the literature,
including the possibility that it relates to the presence of two
strained dimer units in the proximity of the corner adatom but
only one for the centre.*® In the case of the rather large W@Si,,
substrate, however, there is a rather simpler explanation. When
the surface Si-W bond is formed at a corner adatom (A, A'),
there is only a single unsaturated rest-layer atom (green in
Fig. 3a) available to form a bond to the base hexagon of the
cluster whereas there were two for the centre adatoms (B and B).

When the cluster docks at C or C’, we find that six new Si-Si
bonds are formed to the basal hexagon of the cluster, three
from the surrounding centre adatoms (blue) and three from the
unsaturated atoms in the rest layer. We recall that in the Kohn-
Sham orbital diagram of W@Si,, (Fig. 2) there are precisely
three vacant Si-Si n* orbitals (3b,, and 3e,,) so the formation of
six new Si-Si bonds saturates the cage. The W atom, however,
remains 12-coordinate, with no evidence for formation of a new
surface Si-W bond. The cluster unit also retains approximate
3-fold symmetry to a far greater extent than in any of A, A’, Bor B/,
and its hexagonal prismatic parentage is more obvious, parti-
cularly in C'. Both C and C’ are, however, ~0.5 eV less stable
than either B or B’. The cluster also remains recognisably
hexagonal prismatic in both D and D,, where the cluster binds
to the junction between the faulted and unfaulted halves, but
the energies are 1.61 and 3.84 eV higher than B’, respectively,
suggesting that the faulted/unfaulted junction is unlikely to
densely populated with clusters. In summary, our survey of the
potential energy surface for binding to the Si(111)-(7 x 7)
surface has revealed two quite distinct modes of binding.
In the first (A, A’, B, B') a surface adatom forms a direct covalent
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bond to the W atom, while three (A, A’) or four (B, B’) atoms
from the rest-atom layer bond to the lower hexagon of the
cluster. In C and C/, in contrast, there is no surface Si-W bond
but six dangling valences on the surface form six new Si-Si
bonds between the surface and the cluster. The calculations
suggests that the W-Si surface bond confers greater stability in
this case, but in general the balance between M-Si and Si-Si
bonding is likely to be sensitive to the identity of the metal as
well as the choice of computational methodology.

Absorption of the W@Si,, cluster on Si(111)-(2 x 1) surfaces

We have alluded above to the fact that the 7 x 7 unit cell is too
large for the calculation of transmission properties, simply
because the unit cells also need to be several layers deep in
order to buffer any charge accumulation at the surface. We have
therefore turned to the smaller reconstructions proposed by
Haneman and Pandey, where the reduced surface area allows
for greater depth in the unit cells (we have used three Si layers
rather than two in the Si(111)-(7 x 7) model). Models for the
Haneman and Pandey reconstructions are shown in Fig. 3(c)
and (d), and, in the absence of substrate, lie 1.14 eV and 4.51 eV
below the unreconstructed Si(111) surface, respectively (relative
energies are given per unit cell). The clear preference for
Pandey’s zigzag chain model is consistent with experiment®®
and also with Northrup and Cohen’s previous calculations.*
For absorption of the W@Si,, unit on the Haneman and Pandey
models, we have initialised calculations at three distinct sites E, F
and G in Fig. 3c and d, leading to the corresponding minima
shown at the top of Fig. 5. The most stable surface geometry, E, is
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obtained starting from Haneman’s reconstruction: the equili-
brium geometry features a surface Si-W bond at ~ 2.6 A similar
to that identified in the B and B’ isomers on the 7 x 7 surface
(Fig. 4), and the cluster unit is also substantially distorted from
its original hexagonal prismatic form. The geometry of E is also
very similar to that reported by Robles and Khanna for Cr@Si;,
on an unreconstructed Si(111) surface.”® In contrast, the most
stable geometry obtained starting from the Pandey surface,
structure F in Fig. 5, does retain the zigzag structural signature
of the original reconstruction, along with the characteristic
W-Si surface bond of ~2.6 A. This difference reflects the
intrinsically greater driving force for the Pandey reconstruction
(4.51 eV vs. 1.14 eV), which will more effectively resist perturba-
tion by the molecule on the surface. The fact that E, where the
surface reconstruction is minimal, is 1.26 eV more stable than
F (where it remains very prominent) is a clear indication of
the very strong chemisorption of W@Si;, in the former. The
antagonism between surface binding and surface reconstruc-
tion has been emphasised previously by Illas and co-workers in
their work on group II metal adatoms on Si(111) and Ge(111)
surfaces, where the energetic effect of substrate binding exceed
that of reconstruction.'® In this case the tension is probably
compounded by the local symmetries of the surface and substrate:
the Pandey reconstruction removes the local 3-fold rotation
symmetry about each surface adatom, making the surface less
compatible with an intrinsically 6-fold symmetric substrate. In
Pandey’s zigzag m chain model the cluster is forced to bind in a
‘4 + 2’ mode, bridging two parallel chains, and must therefore
distort substantially to bridge the gap between the chains.
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The local 3-fold rotational symmetry about each surface atom
in the unreconstructed surface is somehow intrinsically more
compatible with the hexagonal prismatic substrate. Neither of
the 2 x 1 models presents a surface site precisely analogous to
the C/C’ sites of the Si(111)-(7 x 7) model, where the cluster is
surrounded by three adatoms and three unsaturated atoms of
the rest layer. However, optimisation stating from position G on
the Pandey reconstructed surface (Fig. 3e) generates the third
structure shown in Fig. 5, where at least there is no surface
W-Si bond. This structure is substantially less stable than
the other two (+2.80 eV relative to E), but it provides the most
direct model of the 7 x 7 sites C and C’ available within the
constraints of the smaller unit cell. Finally, we have also
considered the possibility that the cluster ‘hard lands’ on the
surface, creating a partial monolayer of twelve additional
silicon atoms on the surface. All such structures are ~1 eV
higher in energy than E (two examples, I and II, are shown in
ESL+ Fig. S2). In summary, it seems that the more computa-
tionally tractable 2 x 1 reconstructed surfaces reproduce most,
but not all, of the important features observed in the 7 x 7
alternative. We therefore proceed with a detailed analysis of the
electronic structure and transmission properties of the model
systems E. F and G on the basis that they capture at least the
critical features of surface bonding in the Si(111)-(7 x 7) surface
used in the experiments. The Density of States (DOS) projected
onto the W 5d orbitals is also shown for the three structures of
interest, E, F and G, in Fig. 5. The Kohn-Sham orbitals for the
isolated W@Si,, cluster shown in Fig. 2 are included again as a
point of reference.

Although not the most stable adduct, structure F affords the
most direct comparison with the isolated cluster because the
3-fold rotational symmetry is, to a very good approximation,
retained and the principal axis lies approximately normal to
surface. Compared to the isolated cluster, the most significant
feature of the DOS of F is the prominent W d,» band ~0.5 eV
below the Fermi level (shown in red), with a smaller more
dispersed d,. component in the virtual manifold. Recall that
the orbital with dominant W d,. character (5a;) is vacant in the
isolated cluster, so the appearance of W d,. character in the
occupied manifold is a clear electronic signature of the for-
mation of the bond between the W centre and the surface
silicon atom (W-Si ~2.6 A). The surface binding can be viewed
as a donor-acceptor interaction, where the LUMO of the
isolated cluster acts as an effective acceptor of electron density
through the formation of a W-Si bond. This stabilisation of the
d,» band upon binding to the surface may also be responsible
for the emergence of a magnetic moment in Robles and
Khanna’s study of Cr@Siy,, where single rather than double
occupation of the 3d orbitals will be favoured due to punitive
3d-3d repulsions.”” The dyy, and dy_y, bands remain
almost degenerate and at similar energy to the 2e;, and 3e,q
orbitals of the parent cluster, respectively, consistent with the
near-perfect 3-fold rotational symmetry of the absorbed cluster.
The DOS of F is therefore immediately recognisable as that of
a W@Si;, molecule, despite the formation of strong covalent
W-Si and Si-Si bonds between the molecule and the surface.
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Similar observations can be made about the DOS of structure G,
where the cluster also retains its hexagonal prismatic shape.
The important difference here is that there is no W-Si surface
bond, and as a result the W d,> band (red) remains largely above
the Fermi level, as it was in the isolated molecule. Otherwise,
the positions and degeneracies of the dy;;, and d,2_y2/,, bands
again reflect the relatively unperturbed nature of the cluster
unit. Structure E, in contrast, is the most distorted of the three
and the axis of quantisation (the surface normal) does not
coincide with any surviving rotational axis of the cluster unit.
As a result the mapping onto individual angular momentum
components is less helpful and the relationship to the orbitals
of the isolated cluster less obvious. Nevertheless, it clear that
the general features of the DOS are rather similar to those of
F: in particular, the DOS at the Fermi level is negligible and a
prominent band with W d character (in this case d,,,,,) appears
at ~—0.7 eV.

Electron transport through the cluster/surface junction

Finally, in order to establish the link to the STM images reported
by Kanayama,’ we have computed the energy-dependent trans-
mission spectrum, 7(E), which in turn is related to the current
flow between the surface and the STM tip. We note here that the
STM experiments were performed with a negative sample bias
(2.5 V), so it is the region below the Fermi level that is most
relevant in terms of the comparison to experiment. Our model of
the surface/tip interface, shown in Fig. 6, includes two electrodes,
one made of bulk silicon and the other bulk gold. The W@Si;,
cluster is bound to the silicon surface in geometries E, F and G,
while the STM tip is modelled by a pyramid of four gold atoms
protruding from the Au(111) surface (Fig. 6a). In our device model
we choose to place the tip 4.15 A vertically above the highest lying
silicon atom on the cluster surface (ie. more than the sum of
the covalent radii). This choice is justified more fully in the ESI, T
Fig. S3. The zero-bias transmission spectra for structures E, F and
G are shown as the black, red and green traces, respectively, in
Fig. 6b, along with isosurfaces of the eigenstates of the molecular
projected self-consistent Hamiltonian (MPSH) that dominate the
transmission at each peak. The transmission spectrum of F (red
trace) shows a prominent peak (peak 1) at ~—0.6 eV coincident
with the W d,z band in the DOS in Fig. 5, and a second rather less
intense feature (peak 2) at —1.8 eV, coincident with the d,,, band
in the DOS. The MPSH isosurfaces confirm that the transmission
peaks have a similar origin: peaks 1 and 2 clearly have d,. and d,,
character, respectively. The corresponding spectrum for the most
stable structure, E (black trace), is qualitatively similar with a peak
at —0.8 eV, almost coincident with the first major band below the
Fermi level in the corresponding DOS plot. The projection onto
specific angular momentum components is again less informative
because of the low symmetry of the absorbed cluster but the iso-
surface shown for peak 1 confirms the qualitative similarity to
peak 2 of F. The relative intensities of peaks 1 and 2 in the two
structures correlate with the extent to which the relevant orbitals
are involved in the W-Si surface bond. In both E and F, the more
intense of the two peaks (peak 2 for E, peak 1 for F) corresponds to
the orbital aligned along the surface Si-W bond. On this basis,
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it seems that it is the W-Si surface bond that provides the most
important pathway for tunnelling from the bulk silicon into the
gold tip. The transmission spectrum of G (green trace), where
a W-Si surface bond is conspicuously absent, supports this
argument: the spectrum is entirely devoid of intense features
between the Fermi level and —1.9 eV, and there is no transmis-
sion peak in the energy window coincident with the d,. band in
the DOS. In the absence of a direct covalent bond between the
surface and the tungsten atom, the d,. channel is therefore
effectively silent.

Conclusions

In this paper, we have traced the electronic fingerprint of the
endohedral silicon cluster, W@Si;,, through the DOS of its
surface-bound states, all the way through to the computed
transmission spectrum, providing a direct link to the scanning
tunnelling microscopy experiment. The picture that emerges is
that the W 5d,2 orbital, the LUMO of the isolated cluster, plays a
central role in anchoring the cluster to the silicon surface
through the formation of a thirteenth W-Si bond. The W-Si
o bonding orbital then provides an efficient transmission
channel that allows current to flow from the silicon bulk into
the tip of the gold electrode at moderate bias. The propensity of
the W@Si,, cluster to form an additional W-Si surface bond
is probably connected to the fact that in Beck’s experiments,
clusters with the M@Si;, stoichiometry react with additional Si

13694 | Phys. Chem. Chem. Phys., 2019, 21, 13686-13695

View Article Online

Paper

atoms to generate larger clusters, M@Si,4/1516. The Si(111)-7 x 7
surface, with its under-coordinated silicon adatoms, can be
regarded in this context as a nascent source of Si atoms. In
alternative binding geometries where the cluster is bound to the
surface exclusively through Si-Si bonds, transmission is much
less intense out to almost 2 eV. Based on this analysis, we believe
that the STM experiment provides a window not just into the
structure of the cluster, but also into the nature of the bonding
that stabilises it on the surface.
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