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Abstract In this chapter we review recent research on the structural identification
of isolated doped silicon clusters by combining state-of-the-art experiments and
computational modelling using the density functional theory formalism. The
experimental techniques include chemical probe mass spectrometric methods,
infrared action spectroscopy, photoelectron spectroscopy, and x-ray absorption
spectroscopy. Coinage metal elements, transition metals with an incomplete
d sub-shell, lanthanides, and non-metallic main-group elements are considered as
dopant atoms. The growth mechanisms of the doped silicon clusters are described
with particular emphasis on the formation of endohedral cages. Specific species that
may be considered as building blocks in future nano-structured materials and
devices are highlighted, thereby exploiting their unique structural, electronic, or
magnetic properties.
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1 Introduction

The experimental study of small silicon clusters started about 30 years ago with the
advent of cluster sources [1-3] and was arguably often motivated by the down-
sizing of silicon based devices. The properties of silicon clusters are, as for many
other atomic clusters, known to vary strongly with size and can be very different
from bulk. Notable examples are their size dependent structural motives that are
dissimilar from pieces of bulk silicon, such as prolate shaped cationic silicon
clusters composed of 20-30 atoms and spherical shapes for larger clusters [4]. Also
the photofragmentation behavior of silicon clusters is peculiar with relatively small
clusters losing relatively large Sig and Sij, fragments, as opposed to the more
common atom-by-atom evaporation for other types of clusters such as metals [1, 5].
Unlike the isolobal carbon that forms sp hybridized fullerenes and carbon nan-
otubes, silicon favors sp3 hybridization [6], which leads to rather asymmetric and
reactive structures for pure silicon clusters.

It was shown in the last decades that doping can be used to modify and optimize
the structural, electronic, chemical, and magnetic properties of silicon clusters [7,
8]. In particular, doping with transition metals can induce the formation of stable
and unreactive cages of high symmetry, which may have appealing properties [9—
13]. Following the first experimental realization of transition metal (TM) doped
silicon clusters and the mass spectrometric discovery of the particular stability of
Si;sTM* and Si;¢TM* (TM = Cr, Mo, W) clusters by Beck [14], a large number of
theoretical and experimental studies have been devoted to the structures and
properties of endohedrally doped silicon clusters. Famous examples include the
predictions of icosahedral SiooZr [9], hexagonal prism structures for Si;o, W [10] and
Si,Cr [15], fullerene-like Sij¢Zr [11], Frank-Kasper polyhedral Si;¢Ti [11], and
cubic SigBe [16]. These results opened prospects for the production in large
quantities of size selected silicon clusters with tailored properties, what is of utmost
relevance for the use of silicon clusters as building blocks in future nanostructured
devices.

The interest in doped silicon clusters has been so high that almost every element
of the periodic table has been considered for doping. Nonetheless, identification of
the geometric and electronic structures of doped, and even of bare, silicon clusters
still is a great challenge for spectroscopic and theoretical studies alike. For example,
it took many years before a consensus was reached on the geometry of Sig [17-19]
and the lowest energy structure of Sig” was only recently identified [20].

The reason why a dopant can stabilize a high-symmetry silicon cage is still
subject of debate. Arguments either refer to bonding between the valence orbitals of
the dopant with the silicon cage [9, 21] or to closed electronic shell structures [22]
and compact geometries. Electron counting rules were also applied to explain the
magic numbers of silicon clusters doped with transition metals. For example, Si;,Cr
and Si;¢Ti were claimed to be more stable than their neighboring sizes because of a
18 and 20 electron shell closure, respectively [13, 15]. On the other hand the
enhanced stability of Si;¢Ti also could be explained by bonding arguments with a
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combination of 3d electrons of the Ti with electrons of the Si cages forming a
bonding orbital at the HOMO level of the cluster [23].

In spite of intensive efforts, the influence of different dopants on the structures of
the host silicon clusters, in particular on the growth mechanisms that govern the
evolution of their physical and chemical properties, is still poorly understood. As a
matter of fact, both experiment and theory have been facing difficulties and chal-
lenges to investigate the structures of clusters. Computationally, many energetically
low-lying isomers may exist for a given cluster size, with small energy differences
that are within the accuracy of contemporary methods, in particular for density
functional theory (DFT). Hence, it is clear that theory alone does not suffice to
accurately predict the most stable geometry of a cluster. Concurrently, experimental
studies of clusters in gas phase are far from trivial and there is no single experi-
mental method that straightforwardly probes the geometry and electronic structure
of clusters. Chemical probe techniques based on mass spectrometry have been
developed and various molecules (H,O, O,) or atoms (H, Ar) have been used to
probe the transition from exohedral, where the dopant is exposed on the surface of
the silicon cluster, to endohedrally doped silicon clusters, where the dopant resides
inside a silicon cage [10, 24-26]. These techniques, however, do not provide
detailed structural information of the clusters. In the last years, infrared
(IR) spectroscopy has proven to be an invaluable technique to determine the
structure of clusters in the gas phase, since it is very sensitive to the cluster’s
internal structure with molecular vibrations reflecting the arrangements of the atoms
[27]. The growth patterns of several neutral and cationic transition metal, coinage
metal, and non-metal main-group doped silicon clusters have been identified by IR
action spectroscopy in combination with DFT calculations [28-33]. Photoelectron
spectroscopy (PES) has commonly been used to study the electronic structure of
anionic doped silicon clusters, yielding information about electron detachment
energies, and in combination with DFT was also used for structural identification
[24]. Extensive research efforts by PES were undertaken on transition metal and
lanthanide metal atom doped silicon clusters [13, 34—40]. PES probes the electronic
signature of valence electrons, which is done in the visible or ultraviolet spectral
range and can be performed by standard laboratory lasers. To access the deeper
valence bands or core levels, photon energies in the extreme ultraviolet to soft x-ray
range are needed, requiring synchrotron radiation facilities or free-electron lasers as
light sources. X-ray absorption (XAS) and x-ray magnetic circular dichroism
(XMCD) spectroscopy, concentrating on the 2p — 3d excitation energies of
3d transition metal dopants, were used to study the electronic and magnetic prop-
erties of doped cationic silicon clusters [26]. XMCD for instance revealed a
coordination-driven magnetic-to-nonmagnetic transition in manganese doped
Si,Mn" clusters [26].

The current chapter focuses on the evolution of geometric and electronic
structures of doped silicon clusters as obtained by state-of-the-art experiments in
combination with DFT calculations. In view of the extensive amount of literature,
we mainly concentrate on recent studies dealing with coinage metal, transition
metals with open atomic d sub-shells, lanthanides, and non-metallic main-group
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elements as dopants. It should be mentioned that there also are plenty of studies on
silicon clusters doped with alkali atoms and other main group elements [16, 41-48],
which are out of the scope of the present review.

The experimental techniques that have extensively been applied for the structural
study of doped silicon clusters in the gas phase are briefly introduced in Sect. 2 with
comments on the strengths and limitations of each technique. In Sect. 3, the effects
of the different dopants on the growth pattern are discussed on the basis of recent
experimental and theoretical results. Also the electronic and magnetic properties of
the selected clusters are commented on. Conclusions and an outlook for future work
are presented in the final Sect. 4.

2 Experimental Techniques to Study Doped Si Clusters
in the Gas Phase

2.1 Mass Spectrometric Techniques

The first reported experimental investigation of doped silicon clusters is a mass
spectrometric study of transition metal doped silicon clusters by Beck [14]. After,
strikingly high abundances were observed for Si;sTM™ and Si;cTM* with TM = Cr,
Mo, and W, while most other sizes had low abundances. These mass spectra thus
revealed the particular stability of certain doped silicon clusters. Beck suggested
that the transition metal atom acts as a seed and silicon atoms form a shell around
the metal dopant. The work of Hiura et al. constitutes another landmark in the
investigation of doped silicon clusters [10]. Si,,TMH,* species were produced in an
ion trap via the reaction of 5d transition metal ions with silane SiH,4 gas [10]. For
long ion trapping times, surprisingly the end products are dehydrogenated doped
silicon clusters with a maximal size n that depends on the transition metal ion. More
specifically, for TM* with TM = Hf, Ta, W, Re, and Ir, the end products were
dehydrogenated Si,,TM™ clusters with n = 14, 13, 12, 11, and 9, respectively. It was
predicted that those clusters have endohedral structures with the metal ion stabi-
lizing a Si polyhedral cage, indeed confirmed by ab initio calculations for Si;, W
[10].

Later, mass spectrometric investigations of Cr, Mn, Cu, and Zn doped silicon
clusters by Neukermans et al. demonstrated the enhanced stability of Sijs 4Cr™,
Siis16Mn™ and Si;oCu™ [49] relative to neighboring sizes. Ohara et al. studied
anionic silicon clusters doped with single Ti, Hf, Mo, and W atoms [35]. Also in
that work, predominant formation of doped clusters containing 15 and 16 silicon
atoms was found independent of the dopant atom, pointing to a geometric stabi-
lization. To better understand the role of the number of valence electrons for the
stability of the clusters, a systematical investigation of cationic, neutral, and anionic
Si, M~ (IM = Sc, Y, Lu, Ti, Zr, Hf, V, Nb, and Ta) was conducted by
Nakajima and coworkers [13, 34, 50]. Particular enhanced intensities were detected
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for the isoelectronic SijeSc Si16TiO, and Si;¢V" species [13]. It was conjectured
that these clusters have closed electronic shell structures with 20 itinerant electrons:
four from the dopant 3d orbitals and one electron from each 3p, orbital of the sp*-
hybridized silicon atoms that are arranged in a caged structure.

While intensities in mass spectrometric studies are useful to obtain information
about relative stabilities of certain cluster sizes, the combination of chemical probes
with mass spectrometry can provide additional information about the position of the
dopant atom. Nakajima and coworkers demonstrated that an exohedral transition
metal dopant atom is a reactive site for water [24, 34, 35, 50]. Large doped Si
clusters, that presumably adopt a caged structure, show a low reactivity upon
exposure to H,O, while exohedrally doped clusters readily interact with water.
Their studies of transition metal doped Si,,TM (TM = Sc, Ti, V, Y, Zr, Nb, Mo, Hf,
Ta, and W) and lanthanide doped Si,Ln (Ln = Tb, Ho, and Lu) clusters provided
element and charge state dependent threshold sizes for the reaction with water
vapor. Similarly, Lau and coworkers observed a size dependent depletion of singly
doped Si,Mn™ (n = 7-14) in the presence of oxygen, which indicated the exohedral
to endohedral transition at n = 10 [26].

Janssens et al. proved that not only the reactivity with molecules such as H,O,
but also the physisorption of argon atoms, can be used as a structural probe for
endohedral doping [25]. At 80 K, argon does not attach to elemental silicon clusters
but only to surface-located transition-metal atoms. Critical sizes for Ar attachment
were found to depend on the size of the transition metal dopant atoms for Si, TM*
with TM = Ti, V, Cr, Mn, Co, and Cu [25, 51]. As illustrated in Fig. 1, no or
negligible Ar physisorption is observed for sizes larger than Sij,Ti*, Si; V¥,
SioCr*, Si;oMn*, Si;Co*, and Si;;Cu*. Agreement with theoretical predictions
confirms that these critical sizes for Ar adsorption are indeed related to the for-
mation of endohedral clusters [25]. Furthermore, also doubly doped Si,TM,*
clusters show a critical size for Ar adsorption, which might indicate that larger
endohedral caged molecules are formed, eventually to be considered as seeds for
the growth of metal-doped silicon nanorods [52, 53].

It is obvious that these mass spectrometric techniques alone cannot provide
detailed structural information. For example, Ar tagging experiments can hint
towards cage formation of Si,V*" from n = 11 onwards but cannot differentiate
between trigonal and hexagonal prism based structures [28]. More detailed struc-
tural and electronic information of doped silicon clusters could be obtained by
infrared spectroscopy, photoelectron spectroscopy, or X-ray Spectroscopy, as is
described in the subsequent sections.

2.2 Infrared Spectroscopy

IR spectroscopy is a powerful technique to determine the structure of clusters. The
vibrational modes of a cluster, with energies corresponding to far-IR photons, are
very sensitive to forces between the atoms and to the structural arrangement of
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Fig. 1 Fraction of argon complexes formed for Si,7M;," (TM = Ti, V, Cr, Mn, Co, Cu) as
function of the cluster size. A dopant dependent critical size, beyond which the argon-complex
formation is unlikely, is found for both the singly and doubly TM doped species. The critical size
likely corresponds to the onset of cage formation. The absence of Ar attachment on Si;Mn* is not
caused by encapsulation of the Mn dopant atom but to a very weak interaction between Mn and Ar
in Si;Mn™*Ar, which is related to a particular electronic shielding effect of the dopant s-electrons at
this size as discussed in detail in [51]

atoms in a cluster. Conventional IR spectroscopy measures absorption spectra via
the wavelength dependence of the transmittance. For sensitivity reasons it is
required that a sufficient amount of material is sampled, which makes the technique
inappropriate for low-density media such as clusters in the gas phase. In addition,
convential IR spectroscopy is not size selective and the spectra of different species
in the molecular beam cannot be disentangled, unless prior size selection is made
(remark that a cluster source produces a distribution of sizes and compositions).
Both mass selectivity and high sensitivity can be obtained by combining IR exci-
tation with mass spectrometry. The reaction of a cluster in reponse to photon
absorption is then detected mass spectrometrically in so-called action spectroscopy.
Such action can be either a change of mass, cluster dissociation, or a change in its
charge state, cluster ionization. The last years basically four experimental tech-
niques for IR action spectroscopy on clusters in the gas phase have been developed
(see Fig. 2): IR resonance enhanced multiple photon ionization (IR-REMPI), IR
multiple photon dissociation (IR-MPD), infrared-ultraviolet two-color ionization
(IR-UV2CI) , and IR multiple photon dissociation spectroscopy of cluster—rare gas
complexes [54]. These techniques have in common that a vibrational spectrum is
obtained by recording a mass-selective ion yield as a function of the IR radiation
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Fig. 2 Schematic presentation of four experimental approaches for IR action spectroscopy of
atomic clusters, AB, in the gas phase: IR resonance enhanced multiple photon ionization
(IR-REMPI), IR/UV two-color ionization (IR-UV2CI), IR multiple photon dissociation (IR-MPD),
and IR multiple photon dissociation of cluster—rare gas complexes. The first two techniques are
used for neutral clusters. The last two can be applied both on charged and neutral clusters. In the
case of neutral clusters postionization is needed. (Adapted from Asmis et al. (2012) Phys Chem
Phys Chem 14:9270)

wavelength and that they require an intense and tunable IR laser source. Of these
four techniques IR-UV2CI and IR-MPD of cluster—rare gas complexes have been
used to characterize neutral and cationic doped silicon clusters. Those experiments
on doped silicon clusters were all done at the Free Electron Laser for Infrared
eXperiments (FELIX), Nieuwegein, the Netherlands. Recently this facility was
moved to the Radboud University Nijmegen [55].

Silicon clusters are strongly bound with typical bond energies of 2—4 eV [56],
while the vibrational transitions of these clusters are typically in the 50-500 cm ™
range, corresponding to photon energies of 6—60 meV. Many IR photons are
required to dissociate pure and doped silicon clusters, which means the action
spectroscopy will not be a coherent multiphoton process. Intramolecular vibrational
redistribution of energy is taking place in between successive photon absorption
event. Also, given the low absorption probability, even with the available high
intensity free electron laser sources, dissociation of silicon clusters is challenging.
The so-called messenger atom technique, where weakly bound cluster—ligand
complexes are probed instead of pure clusters, can overcome the need of many
photons [57, 58]. Such a ligand is typically an inert gas atom, which can be attached
to the silicon clusters by adding a small fraction of the messenger gas to the carrier
gas in the cluster source and cooling the source to cryogenic temperatures. The
loosely bound ligands are supposed to have a negligible influence on the geometry
of the clusters. This assumption has to be confirmed ex post and does not always
hold [59]. Following absorption of a few IR photons the cluster—rare gas atom
bond will break. The light absorption can then be monitored mass spectrometrically
by depletion of the complex or alternatively by the increase of the bare cluster
abundance.
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Structural identification of the clusters can subsequently be obtained by com-
parison of the experimental IR spectra with computed spectra for different structural
isomers. DFT calculations have been the most used computational tool for doped
silicon clusters. An example is shown in Fig. 3 for Si,Au® clusters, where the
comparison of the experimental and the calculated spectra of the obtained lowest
energy isomers for n =4, 6, 8, 9, 11 is depicted [31]. The experimental action
spectra were obtained by IR-MPD of Si,Au**Ar or Xe complexes, while DFT
calculations were employed using the BP86 functional in combination with the
SVP basis set for the Si atoms and the SDD pseudopotential for Au. The rare gas
ligand was not included in the computations. The observation that the experimental
spectra are well reproduced by the calculations, even for the small features, thus
confirms the minor influence of the messenger atom on the cluster’s vibrational
spectrum in this case. The structures are found to be planar for SijAu™ and
three-dimensional for larger sizes. SigAu* is a distorted octahedron, while SigAu®*
and SipAu* have edge-capped pentagonal bipyramidal structures [31]. However, it
should be noted that the structural assignment is not always straightforward. On one
hand, the anharmonicity of the potential energy and finite temperature effects are
normally not taken into account in the calculations, which will result in band shifts
and can have a significant effect on the intensities of bands. On the other hand, DFT
calculations have difficulties to properly describe the cluster—rare gas bond.
Furthermore, recent kinetic Monte Carlo simulations also demonstrated that the
multiple photon character of the action spectroscopy influences the exact frequency,
intensity, and width of the adsorption modes [60]. Therefore, a perfect match
between theory and experiment cannot be expected. Definite assignments are even
more challenging for larger-sized clusters, mainly due to the emergence of many
low energy isomers, of which several may have harmonic IR spectra in reasonable
correspondence with the experiment. This is illustrated in Fig. 3 for Si;;Au*, which
has two isomers, with a relative energy of less than 0.2 eV with respect to the
obtained ground state. All three could exist in the molecular beam as the main
features in their IR spectra show a reasonable agreement with the experimental
action spectrum.

The messenger atom technique is not restricted to ionic species only [29]. If the
clusters are postionized by a single photon with an energy above the cluster’s
ionization potential, IR spectroscopy of neutral cluster—rare gas complexes can be
done in an analogous way as for ionic species. This was illustrated by Claes et al.
for small neutral Si,,V and Si,Mn (n = 6-9) clusters tagged with Xe [29].

The inherent disadvantage of the messenger atom techniques is the possible
perturbation of the cluster’s structure by the adsorbed ligand, even if weakly bound
rare gas atoms are used. Also in specific cases, especially for neutral clusters, it is
quite difficult to create cluster—rare gas complexes, even at low temperatures. An
alternative method for neutral clusters, without the need for formation of messenger
atom complexes, is the IR-UV2CI technique [17, 61]. This generally applicable
technique combines IR excitation with near threshold photoionization. It relies on
the absorption of a single (or a few) IR photons prior to absorption of a UV photon,
which has a photon energy just below the ionization energy, to lift the total internal
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Fig. 3 Experimental IR-MPD spectra (lower traces) of Si,Au*Ar (n = 4, 6, 9) and Si,Au”*Xe
(n = 8, 11), the calculated harmonic single photon adsorption spectra (full lines, traces above the
experimental data), and the geometric structures (left and right) of the obtained lowest-energy
isomers. The crosses are the original data points, while the full lines correspond to three-point
running averages

energy of the species above the ionization threshold. The direct photoionization
generally prevails over the slower statistical fragmentation process. The formed
ions can be sensitively detected by means of mass spectrometry. Scanning the
energy of the IR photons changes the ionization efficiency and the recorded ion
intensity reflects the IR absorption spectrum of the corresponding neutral clusters.
This is illustrated by the mass spectrum in Fig. 4 for Si,,Co clusters. Species with a
vertical ionization energy close to (or slightly above) the photon energy of the
ionization laser (such as Si,Co with n = 10-12) have a low intensity in the mass
spectra (Fig. 4a), but show enhanced abundance if they are excited by resonant
absorption of one or more IR photons prior to interaction with UV radiation
(Fig. 4b). By comparison of the IR-UV2CI spectra of Si,Co (n = 10-12) with
simulated IR spectra for different structural isomers (not shown), endohedral
geometries were assigned to those clusters [61].

2.3 Photoelectron Spectroscopy

PES is a commonly used technique to study the electronic structures and chemical
bonding of gas-phase atomic clusters. The basic physical idea behind PES is
simple: a cluster is excited by absorption of a single photon with a photon energy
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Fig. 4 Mass spectra of neutral Si, (n = 9-16) and Si,Co (n = 7-14) clusters obtained under
different ionization conditions. a Mass spectrum obtained by ionization with 7.87 eV UV photons
solely. b Prior irradiation of the neutral cluster distribution with intense IR light at 430 cm ™'
significantly increases the signal of Si;o and Si;oCo, while the rest of the mass spectrum is nearly
unchanged. ¢ Irradiation with IR light of 248 cm™' followed by UV ionization enhances the
intensities of Si;;Co and Si;;Co. (Reproduced from Li Y et al. (2014) J Phys Chem A 37:8198)

exceeding the binding energy of the least bound electron, which results in electron
detachment. The remaining part of the incoming photon energy is shared by the
ionized cluster and the photoelectron. Since the mass of the cluster is much larger
than that of the electron, most excess energy is converted into kinetic energy of the
emitted electron. Hence, measuring the intensity of photoelectrons as a function of
their kinetic energy provides a spectrum of the occupied electronic energy levels of
the cluster.
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PES is usually performed on anionic clusters, since the charge is required for
size selection and anions usually have low valence electron binding energies that
are accessible by commercial lasers, such as the 2nd, 3rd or 4th harmonics of a Nd:
YAG laser. An anion photoelectron spectrum provides the adiabatic detachment
energy (ADE) and the vertical detachment energy (VDE), as well as the electronic
excitation energies, which constitute an electronic fingerprint of the cluster. PES on
anionic clusters also yields information about the corresponding neutral species.
Since the detachment process is fast in comparison to structural arrangement of the
nuclei upon removal of the electron, anion photoelectron spectroscopy probes the
electronic structure of a neutral cluster in the ground state geometry of its anion.
The resulting neutral cluster can hereby either be in the vibronic ground state or in a
vibronically excited state. For example the adiabatic electron affinity (EA,) of Si,,Eu
(n = 3-17) clusters was inferred from their photoelectron spectra [37]. For small
sizes n = 3—11 the EA, is relatively small and ranges from 1.45-2.2 eV. However,
it shows an abrupt increase (EA, > 2.5 eV) from n = 12 onwards, which has been
related to geometric rearrangements from exohedral to endohedral structures [37].

In addition to the valuable knowledge about the electronic states, PES can be
used for structural assignment if changes in the geometry lead to changes in the
electronic levels. The photoelectron spectrum of various isomers can be simulated
by means of quantum chemical calculations if the generalized Koopman’s theorem
is applied to predict vertical detachment energies of different occupied orbitals. The
cluster structure can then be assigned through comparison of the PES spectrum with
simulated density of states (DOS) of candidate isomeric structures.

Figure 5 depicts the photoelectron spectra of Si;,V,, (n =1, 2, 3) clusters as
recorded by Zheng and coworkers using the 4th harmonic (4.66 eV) of a Nd:YAG
laser [38]. The photoelectrons are energy-analyzed by a magnetic bottle photo-
electron spectrometer. The experimental photoelectron spectra of Si,V,, are well
reproduced by DFT computations applying the generalized Koopman’s theorem.
With the structures identified, the computations of the electronic structures were
used to infer other physical properties. It was found that Si;, V3~ shows a total spin
of 4 up with a ferromagnetic coupling between the V dopants, while Si;,V and
Si1,V, favor low spin states.

2.4 X-Ray Absorption and Magnetic Circular Dichroism
Spectroscopy

While the valence electron spectra of size-selected anionic clusters can be obtained
by PES using commercial laser systems in the visible or UV spectral range, access
to deeper core electron levels requires photon energies in the extreme ultraviolet to
soft X-ray range. X-ray absorption experiments can be performed at synchrotrons
and provide element specific electronic and magnetic information, which is par-
ticularly valuable for the study of doped clusters. They are, however, challenging
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for clusters in the gas phase given the low target density and the required high
photon fluence [62].

Opposed to PES and IRMPD experiments, which are often done in molecular
beams, X-ray experiments on clusters in the gas phase are usually performed in an
ion trap to ensure a high density of size selected clusters. Size selected trapped
clusters are electronically excited by a collinear beam of tunable soft X-ray radi-
ation and will undergo fragmentation and multiple ionization steps. lons are sub-
sequently extracted from the ion trap and analyzed in a time-of-flight mass
spectrometer. X-ray absorption spectra are obtained by monitoring the yield of
cluster fragment ions as a function of incident photon energy. For XMCD spec-
troscopy low temperatures and high magnetic fields are required to align the
magnetic moment of the clusters. This can be done by a superconducting solenoid
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in combination with cryogenic cooling of the ion trap and a buffer gas for thermal
equilibration of the clusters [26]. Ion yield spectra are then recorded for parallel and
antiparallel alignment of the photon helicity and magnetic field.

The basic principle of XAS is the absorption of an X-ray photon by a single
atom, exciting a core electron. The excited core electron either goes into an empty
valence state (resonant photoabsorption) or, if the photon energy is sufficient, into a
continuum state above the ionization energy (non-resonant photoionization). A core
hole is created in both cases, making XAS a local and element specific method due
to the strong localization of the created core hole and the characteristic binding
energy of the core electrons. Moreover, for resonant photoabsorption experiments
also valence electron information is obtained. Indeed, because of the dipole
selection rule Al==41 one can selectively probe specific orbital angular
momentum states of the empty valence electron levels.

Quantitative magnetic information of the clusters can be obtained by XMCD
spectroscopy. Hereto the ion trap is placed inside a high magnetic field (for instance
provided by a superconducting solenoid), so that their magnetic moments are
(partly) aligned. Circularly polarized x-ray radiation is then used to measure the
differential X-ray absorption spectra for left- and right- handed circularly polarized
X-ray beams. Using magneto-optical sum rules both element specific orbital and
spin magnetic moment information can be extracted from the dichroic signal [63].
In this case, the dipole selection rule is expanded with Am; = +1 and Am; = —1 for
right and left circularly polarized radiation, respectively. For an unequal occupation
of the my states, the absorption of right and left circularly polarized light will be
different. Note that also magnetic deflection experiments can be used to investigate
cluster magnetism, in particular total magnetic moments of neutral clusters. We are,
however, not aware of any magnetic deflection experiment on doped silicon
clusters.

XAS and XMCD have been used to study transition metal doped silicon clusters
by Lau and coworkers [26, 64, 65]. Using XAS the electronic structure of the TM
dopant in Si, V" (n = 14-18), Si;cTi*, and Si;cCr" was probed via 2p — 3d tran-
sitions, i.e., at the L, 3 edges [64]. Figure 6 shows that L, ; X-ray absorption spectra
of Si;eTi", Si;eV?, and Si;¢Cr' clusters and those of isolated Ti*, V', and Cr" ions.
The XAS spectra of the isolated ions (upper panel of Fig. 6) have multiplet elec-
tronic structures characteristic for each element, and reflect the different 3d orbital
occupancies of Ti*, V', and Cr". However, these differences disappear in case the
corresponding atoms are encapsulated in Sij¢ cages. Sij¢Ti", Sij¢V", and Si;¢Cr*
endohedral clusters exhibit a very similar fine structure in their X-ray absorption
spectra (lower panel of Fig. 6). The relative excitation energies, both the intense
features at 0 and 2.1 eV and the less intense ones at 1.1 and 5.0 eV, are practically
identical for the three transition metal doped silicon clusters. These similarities
imply nearly identical local electronic states of the transition metal dopant atoms,
which further indicates a very similar structural environment, as XAS is very
sensitive to both [64].

XMCD was used to study Si,Mn* (n = 7-14) via the L, 3 local 2p — 3d exci-
tations of the Mn dopant [26]. A clear correlation of the magnetic moment with the
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Fig. 6 Transition metal L, 3 X-ray absorption spectra of SicTi*, SijgV*, and Sij¢Cr* clusters
(lower panel) and of single Ti*, V*, and Cr* ions (upper panel). The spectra are aligned at the first
peak position. While the bare ions have different spectra, the relative excitation energies of
transition metal dopants in silicon clusters are nearly identical. This surprising fact indicates almost
identical local electronic structure at the dopant atom site. Relative positions of the L, edge shift
because of decreasing 2p spin-orbit splitting from chromium to titanium. (Reproduced from
Lau JT et al. (2009) Phys Rev A 79:053201)

manganese coordination number and nearest-neighbor distance was found. This
work indicated quenching of the Mn magnetic moment at coordination numbers
corresponding to those in bulk silicon as a consequence of 3d electron delocal-
ization because of the strong interaction between Mn and the silicon cage. The
correlation of the magnetic moment and the weighted coordination number pro-
vides guidelines to the stabilization of high-spin states in dilute manganese-doped
silicon [26].

It was also shown that direct and resonant core-level photoionization spec-
troscopy in combination with valence band photoionization curves can be used to
accurately quantify HOMO-LUMO gaps of size-selected clusters via a Born-Haber
cycle [65]. In particular the size-evolution of the HOMO-LUMO gaps of Si,V*
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(n = 15-17) was obtained by this novel method, confirming the special electronic
stability of Si;¢V*. The method was claimed to be widely applicable and expands
the range of current techniques for the determination of band gaps to ultra-dilute
samples and electron binding energies in the vacuum UV spectral range.

3 Dopant Dependent Growth Mechanisms and Properties
3.1 Coinage Metal Dopants (kd"’(k + 1)s?)

Coinage metal (Cu, Ag, and Au) doped silicon clusters have been studied exten-
sively by DFT calculations. For instance, Xiao et al. showed that the most stable
isomers of Si,Cu (n =4, 6, 8, and 10) have either Si frameworks similar to the
structures of the ground state or low-lying isomers of bare Si,, or that Cu is making
substitutions in Si,,; [66]. It was also demonstrated that the structure of the Si
framework in Si,Cu is largely determined by the Si-Si interactions, because they
are stronger than the Si—Cu interactions. However, several computational predic-
tions of the structures of coinage metal doped silicon clusters are in disagreement
with one another, especially concerning the dopant induced cage formation. For
example, Chuang et al. predicted by first-principles calculations at the PBE/PAW
level that Si,Ag clusters (n = 1-13) have exohedral structures with the Ag dopant
atom taking a capping position [67], while another computational study (using
B3LYP/3-21G*) of Si,Ag (n=1-15) by Ziella et al. indicated endohedral
geometries for n > 10 [68]. Conflicting computational predictions were also made
for neutral Si,Au clusters. Wang et al. studied (at B3PW91/LanL.2DZ and
PWO1/DNP levels) the configurations, stability, and electronic structure of neutral
Si,Au (n = 1-16) clusters and found that the Au dopant moves to an interior site in
SijjAu and that Sij;Au adopts an endohedral structure [69], while Chuang et al.
(PBE/PAW) obtained exohedral geometries for neutral Si,Au (n = 1-16) [70].
The geometry of the coinage metal doped silicon clusters has extensively been
investigated by IR-MPD spectroscopy of cluster-rare gas complexes in combina-
tion with DFT calculations [30, 31, 33, 71]. The growth mechanisms, assigned on
the basis of this combined experimental and computational work, of Si,Cu*
(n = 2-11), Si,Ag" (n = 6-15), and Si,Au* (n = 2-15) clusters are summarized in
Fig. 7. In view of the similar electronic structure (kdm(k + l)sl) of the coinage
metal atoms, one may expect that they have a similar influence on the geometry of
the silicon clusters. There are indeed similarities in the growth mechanisms of
Si,Cu®, Si,Ag*, and Si,Au* clusters. It is found that all studied sizes have exo-
hedral structures, in which the dopant atoms favor adsorption on bare Si," clusters
rather than taking substitutional positions as is the case in silicon clusters doped by
transition metal elements like V or Mn [32, 33]. This difference must be related to
the occupancy of the valence d orbitals. Also the silicon building blocks in Si,Cu*,
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Si,Ag*, and Si,Au” are similar: the clusters are based on a pentagonal bipyramid
for n = 7-9, while a transition to a trigonal prism motif appears from n = 10.
There are, however, also differences between the structures of Cu, Ag, and Au
doped silicon clusters. Si,Ag* and Si,Au” have similar structures for the smallest
sizes (n = 6-8) and for n = 14, while the dopants cap a different position for n = 9



Structural Identification of Doped Silicon Clusters 69

and 10, or the doped clusters adopt different Si frameworks (n = 11 and 15). In
general, there seems to be a trend that Cu likes facial, Ag edge, and Au corner
positions (see Fig. 7) [31]. It was shown that the d orbital occupancy of the coinage
metal dopant plays an important role in the binding site. Natural electron config-
uration analysis gives that the number of electrons in 4d orbitals of Ag in Si,Ag* is
slightly higher (9.9) than that in Cu 3d orbitals of Si,,Cu® (9.8) [30]. Because of this
difference in occupancy, Ag prefers to add to the bare Si clusters in a lower
coordinated position than Cu. The same may hold for Au in Si,Au™ clusters. The
coinage metal dopants thus add to the bare Si, clusters with coordination numbers
decreasing from Cu over Ag to Au.

Formation of endohedrally doped cages is experimentally not observed for
coinage metal doped silicon clusters, until the largest sizes studied, which is n = 15
for Si,Ag" and Si,Au"* (see Fig. 7). For Si,Cu* the situation is less clear. The IR
spectra of cluster—rare gas complexes demonstrated that for n < 11 no caged
structures are formed, but larger sizes were not studied [33]. Larger sizes might be
endohedral as predicted computationally [66, 72] and as implied from mass spec-
trometric experiments, which showed that Si;;Cu” is the critical size for Ar
attachment hinting that the Cu dopant atom may take an interior position in larger
Si,,Cu* clusters [25].

The atomic radius of the dopant atom has been shown to play an important role
in determining the critical size for cage formation of the transition metal doped
silicon clusters [25, 73]. It may also have a significant influence on the binding site
of the coinage metal dopant. Au and Ag have similar atomic radii (0.174 and
0.165 nm), which are larger than that of Cu (0.145 nm), therefore, they prefer a
more facial (low coordinated) position on the Si clusters and more Si atoms are
needed to encapsulate them. The similar growth patterns of Si,Ag* and Si,Au*,
without cage formation up to n = 15, indicate that not only the atomic radius of the
dopant atom but also the occupancy of the valence d orbitals and the orbital
hybridization between the dopant atom and Si atoms are important in the formation
of endohedral structures [74].

Aside from the IR spectroscopy work on cationic coinage metal doped Si
clusters, PES investigations were performed on anionic coinage metal doped Si
clusters. Zheng and coworkers conducted a combined PES and DFT study on the
electronic and geometrical structures of Si,Cu (n =4-18) [75] and Si,Ag
(n = 6-12) [40]. They tentatively assigned the structures of these clusters based on
the comparison between the experimental and calculated photoelectron spectra,
vertical detachment energies, and adiabatic detachment energies. It was found that
Si,,Cu  (n > 12) clusters have endohedral structures. This critical size is consistent
with the above mentioned Ar physisorption experiment on cationic Si,Cu* clusters
[25]. The Si,Ag™ (n = 6-12) clusters are predicted to all have exohedral structures.
Most structurally assigned anionic clusters are different from the corresponding
cationic Si,Ag* and Si,Cu" clusters, although they have in common that the Ag
dopant seems to take a lower coordinated position than the Cu dopant.
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3.2 Transition Metal Dopants (kd* 0 < x< 10)

Among all elements in the period table, transition metal atoms and in particular
3d transition metal atoms have been used most frequently as dopants in silicon
clusters. We therefore do not intend to give an exhaustive overview and concentrate
on some recent combined experimental and computational results.

Mass spectrometric Ar tagging experiments predicted that Si,V* adopts endo-
hedral cage structures from n = 12 onwards [25]. The geometry of cationic vana-
dium doped silicon clusters, Si,V* (n = 4-16), was investigated in more detail by
IR-MPD in combination with DFT calculations [33, 71]. The IR spectra of Si,V*
(n = 4-11) were measured on the corresponding Si,V*+Ar rare gas complexes,
which could be formed for the exohedrally doped silicon clusters [33]. Different
from coinage metal dopants, the V substitutes a highly coordinated silicon atom of
the pure cationic bare silicon clusters. The different growth pattern of Si,V* and
Si,,Cu” clusters reflects the role of the dopant’s 3d orbital occupancy on the binding.
The natural electronic configurations obtained by the natural bond orbital
(NBO) method indicated that the number of electrons in the V 3d orbitals varied
from 3.3 (n = 6) t0 5.6 (n = 11) in Si,,V*. To probe endohedral Si, V" (n = 12-16)
clusters by IR-MPD, Xe was used as messenger atom, which does bind to Si due to
its higher polarizability than Ar [28]. The assigned Si,V* (n = 12-16) clusters have
Si frameworks that are significantly different from bare Si clusters. Si,V*
(n = 12-14) have hexagonal prism based structures, Si;sV™ is found to be built up
from pentagons and rhombuses, and Si;sV* has a slightly distorted Frank-Kasper
polyhedral geometry.

Si;6V* is one of the best studied doped silicon clusters in the literature and was
computationally predicted to have a symmetric Frank-Kasper polyhedral structure
[12, 23, 76]. Its stability was rationalized by means of an electron counting rule.
Each Si atom binds to the V dopant and contributes one delocalized electron to the
electron count. With the five valence electrons of V and the cationic state of the
cluster, this results in a 20 electron closed shell system [77]. Its broad spectral lines
in the IR-MPD experiments were initially suggested to be related to the fluxional
behavior of Si;¢V™ resulting from rapid interchange of the atomic positions between
a slightly distorted and a perfect Frank-Kasper polyhedral geometry corresponding
to the ground state (iso1-7) and a transition state (TS-T), respectively (see Fig. 8).
Molecular dynamics simulations revealed that the Si cage is highly dynamic
showing movement and interchange within a quasi-liquid Si shell [28]. The high
symmetry of cold Si;sV* was confirmed by Lau et al. through X-ray absorption
spectroscopy at the transition metal L, 3 edges, which revealed a nearly identical
local electronic structure of the dopant atoms in SiTi*, SijgV*, and Si;¢Cr" in
spite of a different number of valence electrons [64]. The HOMO-LUMO gaps of
Si,,V* (n = 15-17), derived by a combination of direct and resonant core-level
photoionization spectroscopy with valence band photoionization curves, showed a
striking size-dependence and gave further evidence of the special electronic
structure and stability of Si;¢V* [65].
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Fig. 8 IR-MPD spectrum of Si;sV*™*Xe (upper trace). The 2nd trace shows the IR spectrum
obtained from the molecular dynamics (MD) simulation starting from isol-7 (crosses) and a
spectrum that is obtained by overlaying the discrete points with a 5 cm™' FWHM Gaussian profile
(line). Computed harmonic vibrational spectra of isol1-7 and TS-7, are given in the 3rd and 4th
traces. Relative energies in eV at the BP86/6-311 + G(d) level are given in brackets. The structures
shown in the lower trace represent the inner tetrahedral and outer shells of TS-T,; and isol-
T. Relaxing from T, to T symmetry, the inner shell remains essentially unchanged while the outer
shell is distorted at the symmetrical planes. The small barrier over TS-T, between degenerate isol-
T states suggests fluxional rearrangement. The MD simulated trajectory supports the interpretation
of Si;V" undergoing rapid transitions between nearly degenerate local minima. This fluxional
behavior leads to a broadening of the IR absorption bands. (Reproduced from Claes P et al.
(2011) Phys Rev Lett 107:173401)

Bowen and coworkers measured photoelectron spectra of Si,Cr (n = 8-12)
following excitation by 355 nm photons [78]. They speculated that the onset of
cage formation may be at n = 8. The high VDE found for Si;,Cr  is consistent with
the theoretical prediction of an enhanced stability for this cluster [15]. A combined
PES and DFT study of anionic Cr doped silicon Si,Cr (n = 3-12) refined the
earlier prediction and the structural transition from exohedral to endohedral was
shown to occur at n = 10 [39]. This critical size is close to the prediction for
cationic Si,Cr* based on mass spectrometric Ar physisorption experiments, where
Si;;Cr* is found as the smallest endohedral Si,Cr* cluster (see Fig. 1). Similar to
Mn doped silicon clusters, the magnetic properties of Si,,Cr correlate with their
geometric structures. Computations found high magnetic moments (3-5 up) for
small (n = 3-9) exohedral structures, while larger (n = 10-12) endohedral sizes
have low local magnetic moments (1 uz). Also the local charges on the Cr atom
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abruptly increase from n = 10 onwards. Si;,Cr was predicted to have a Dj,
structure with the Cr atom encapsulated in a Si;, hexagonal prism cage and
enhanced stability [39], in agreement with earlier work [15].

Similar approaches were used to study Si,Mn* (n = 6-10, 12-14, and 16)
clusters [32]. The Mn dopant favors substitution of a Si atom in Si,..;* cations for
small, exohedral Si,Mn* (n = 6-10), while the endohedral Si,Mn* (n = 12-14, and
16) clusters have fullerene-like structures. Opposed to several other 3d transi-
tion-metal dopants, the Mn dopants in small Si,Mn" (n = 6-10) clusters have,
according to natural population analysis on the experimentally assigned isomers,
high local magnetic moments. The atomic charges on the Mn dopant are around
+1 e for all the considered clusters with electron populations of around 0.3 e in the
Mn 45 and 5.6 e in the Mn 3d atomic orbitals. Si;Mn™ is a remarkable exception in
which both the 4s and the 3d Mn atomic orbitals are half filled [51]. The electronic
and magnetic properties of the Si,Mn"* (n = 7-14) clusters were analyzed in detail
by a combined experimental (XAS and XMCD spectroscopy) and theoretical study
[26]. In line with the predictions above, magnetic moment quenching or better a
transition from high spin to low spin state was found to coincide with the exohedral
to endohedral structural transition around Si;;Mn*. The quenching of the magnetic
moment is due to the Mn 3d electron delocalization because of the strong inter-
action of the Mn dopant with the silicon cage in case the dopant is highly
coordinated.

To investigate the effect of charge on the geometrical and electronic properties of
Mn and V doped silicon clusters, a combined experimental and theoretical study
was carried out on Si,, 7’ I+ (TM = V, Mn; n = 6-9) [29]. In general, the effect of
the charge state was found to be small. Neutral and cationic Si, V" and Si,Mn”*
clusters have similar geometrical structures, although the positions of the capping
atoms are different for some sizes. This similarity is also reflected in the electronic
structure with the additional electron in the neutral clusters occupying the majority
spin LUMO of the corresponding cation. The analysis of the NBO charge on the
transition metal atom showed that most of the additional electron charge in the
neutral clusters is distributed over the silicon framework. In contrast, a PES study
by Zheng and coworkers [79], in which the most likely structures of these clusters
were identified by comparing calculated and experimental VDEs, showed that the
structures of anionic Si, V- (n = 3-6) clusters are different from their cationic and
neutral counterparts.

The structures of cobalt doped neutral silicon clusters, Si,,Co (n = 10-12), were
recently investigated by IR-UV2CI experiments [61]. These clusters prefer caged
structures in which the silicon frameworks are double-layered. Electronic structure
analysis indicated that the clusters are stabilized by an ionic interaction between the
Co dopant atom and the silicon cage due to the charge transfer from the silicon
valence sp orbitals to the cobalt 3d orbitals. The DOS revealed a pronounced
electronic shell structure. For instance, Si;oCo has 49 valence electrons (4 for each
Si atom and 9 for Co). By comparison of the molecular orbitals with wave functions
of a single free electron in a square well potential with a spherical shape, the level
sequence of the occupied electronic states in Si;oCo can be described as
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(1S)’(1P)°(1 D°(1DL)*(29)*(2 D,)*(1E,)*(2Dy)® (1F,)°(1F,)°(2P)°. The subscripts
a, b, and c indicate that the degeneracy of the high angular momentum states (1D,
2D, and 1F) is lifted because of crystal field splitting related to the distortion from
spherical symmetry of the cluster. The most important difference with the energy
level sequence of free electrons in a square well potential is the lowering of the 2D
level. Examination of the 2D molecular orbitals shows that they are mainly com-
posed of the Co 3d atomic orbitals, representing the strong hybridization between
the central Co atom and the surrounding Si cage. In the same study it was also
shown that the strong hybridization between the Co dopant atom and the silicon
host quenches the local magnetic moment on the encapsulated Co atom [61].

The particular stability of the Si;¢7M" clusters was systematically investigated
by Nakajima and coworkers using mass spectrometry, anion photoelectron spec-
troscopy, adsorption reactivity, and theoretical calculations [13, 50]. Enhanced
abundances were found for Si;¢Sc™, SijTi, SijqV*, SijNb*, and Si;¢Ta’ clusters
in addition to high threshold energies for electron detachment, large HOMO-
LUMO gaps, and abrupt drops in reactivity towards H,O adsorption from n = 16
onwards. X-ray absorption spectroscopy experiments by Lau et al. predicted highly
symmetric silicon cage structures for Sij¢Ti*, Si;¢V*, and Si;cCr" [64], indicating
that the interaction with the silicon cage determines the local electronic structure of
the dopants, while the dopants induce a geometric rearrangement of the silicon
clusters.

Theoretical investigations have been carried out for some other transition metal
doped silicon clusters. A review of all theoretical work on transition metal doped
silicon clusters is beyond the scope of this chapter, but we will briefly discuss a
selection of recent results. A DFT study by Ma et al. has shown that the equilibrium
site of the Fe dopants in Si,Fe (n = 2-4) gradually moves from convex, over
surface, to concave sites as the number of Si atoms increases [74]. From n = 10
onwards the Fe atom is at the center of a Si outer frame, forming
metal-encapsulated Si cages [74]. For neutral Si,Fe (n = 1-8) clusters, Liu et al.
predicted trigonal, tetragonal, capped tetragonal, capped pentagonal, and combined
tetragonal bipyramids as ground state structures for n = 4-8 [80]. Although the
located ground states are essentially similar for both neutral and cationic Si,Fe
(n = 1-8) clusters, the structures of their anionic counterparts are significantly
deformed. Endohedral larger neutral Si,Fe (n > 9) clusters were recently studied
by Chauhan et al. [21]. They concluded that the stability of those clusters was
determined in the first place by structural arguments such as compact geometries
and high symmetric cages, allowing a better mixing of Fe 3d and Si 3p states, rather
than by electron counting rules. According to Deng et al., small Si,Ti (n = 1-8)
clusters have pyramidal structures: trigonal pyramid (n = 4), trigonal bipyramid
(n = 5), square bipyramid (n = 6), pentagonal bipyramid (n = 7, 8), and they fol-
low a growth pattern where the Si atom prefers to cap Si,_;Ti to form Si, Ti [81].
For Si,TM (n = 8-16) with TM = Ti, Zr, and Hf, Kawamura et al. predicted bas-
ketlike structures for n = 8-12 and endohedral structures for n = 13—-16 [82]. The
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critical size for cage formation and the magic cluster n = 16 are also consistent with
the experiments [35]. For the 4d transition metal yttrium, Jaiswal et al. have shown
a peculiar size dependence of the structures of anionic Si,,Y (rn = 4-20) clusters
[83]. For sizes n = 8, 10-15, 18, 19, the yttrium acts as a linker between two silicon
sub-clusters, while for some other sizes (n = 16, 17, 20) the Y dopant is endohe-
drally encapsulated.

Besides the work on the singly doped silicon clusters, multiply doped silicon
clusters recently also attracted attention. Questions of particular interest are how the
additional TM dopants can alter the structure of the Si framework and how the local
magnetic moments on the dopant atoms are coupled to one another. A PES study by
Zheng and coworkers, as mentioned in Sect. 2.3, showed that Si;;V  has a
V-centered hexagonal prism structure [38], which is slightly different from the
distorted hexagonal prism of Si;, V" [28]. Addition of a second V dopant leads to a
V capped hexagonal antiprism for Si;,V, . A third V atom caps Si;»V, to form a
bicapped hexagonal antiprism wheel-like structure for Si;,V3 . For SiygV, those
researchers predicted an elongated dodecahedron cage structure with a V, unit
encapsulated inside the cage [84]. The strong V-V interaction makes V, small
enough to fit into a dodecahedral Si,, cage. In a recent study on Si,,V; (n = 3—-14)
[85], a good agreement between experimental and calculated vertical and adiabatic
detachment energies was found, which serves as support for the correctness of the
calculated cluster geometries. They also predicted that single V doped anionic
silicon clusters are encapsulated from n = 11 onwards.

Computationally, Khanna and coworkers studied Si,TM, (TM = Fe, Co, Ni, Cr,
and Mn; n = 1-8) clusters by DFT calculations [86, 87]. It was shown that these
clusters display a variety of magnetic configurations with varying magnetic moment
and different magnetic coupling between the two transition metal atoms depending
on the cluster size and charge state. The coupling between the dopants in Si,Fe, and
Si,Mn, clusters are mostly found to be ferromagnetic with large moments on the
dopants, while Si,,Ni, clusters are predicted to be nonmagnetic for most sizes. Most
of Si,Co, clusters have ferromagnetic ground states, but in general the magnetic
moments on Co are smaller than those on the Fe and Mn dopants in silicon clusters.
In cationic Si,Co," (n = 8-12) the magnetic coupling between the Co atoms was
shown to the depend on the Co—Co distance [88]. Local magnetic moments on Cr in
small Si,Cr, (n = 1-5) clusters are found to be coupled ferromagnetic or
anti-ferromagnetic, while larger sizes (n = 6-8) are nonmagnetic. Recently a
non-magnetic, triple ring tubular structure with a Mn, dimer inside the symmetric
Si skeleton was reported for Si;sMn, [89]. An interesting growth pattern is found
for Si,Pd, (n = 10-20) by Zhao et al. Most clusters are based on the pentagonal
prism structure of Si;oPd [90]. In Si,Pd; (n = 10-15) one Pd dopant is located at a
facial position and the other Pd dopant is inside the silicon framework, while for
larger clusters (n = 16-20) both Pd atoms are encapsulated.
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3.3 Lanthanide Dopants (kf* 0 < x < 14)

Lanthanide (Ln) doped silicon clusters are of particular interest for applications
given the limited binding interaction of localized 4f electrons with the environment,
which may imply that the lanthanide dopants maintain large magnetic moments in
silicon clusters. Experimentally, lanthanide doped silicon clusters mainly have been
investigated by PES. Nakajima and coworkers conducted the first study on terbium
doped anionic silicon clusters, Si,, Tb~ (n = 6-16) [24]. The clusters were excited
using the 266 nm (4.66 eV) 4th harmonic output of a Nd:YAG laser and remark-
ably high electron affinities were observed for Si;¢Tb~ and Si;;Tb™, which was
interpreted as support for the onset of cage formation. The reduced reactivity of
Si,, Tb™ at n = 10-16 towards H,O is further evidence that the Tb atom is located
inside Si,, cages.

Bowen and coworkers investigated Si,Eu (n = 3-17) and revealed pronounced
electronic rearrangement in the n = 10—12 size range with a remarkable increase of
the electron affinities from Si;;Eu” (1.9 eV) to Sij,Eu (2.8 eV) [37]. Such
enhancement of the electron affinity is very similar to what was seen for Tb doped
Si clusters before and, again, presumably reflects a geometric rearrangement due to
the encapsulation of the Eu dopant atom. That one atom more is needed for cage
formation in Si,Eu” can be explained by the larger atomic radius of Eu (0.185 nm)
than that of Tb (0.175 nm) and thus more silicon atoms are required to encapsulate
Eu [91]. Differences between the photoelectron spectra of Si,,Tb™ and Si,Eu” were
attributed to different oxidation states, Tb(IIl) and Eu(Il), that the dopant atoms
adopt in these clusters [37]. DFT calculations by Zhao et al. also predicted that,
starting from n = 12, the Eu atom is located in a Si cage [92]. Interestingly, it was
also found that the magnetic moments on Eu do not quench in those cages because
the 4f electrons of the Eu atom do not interact strongly with the silicon cage. An
extensive computational study of Si,Eu (n = 3-11) was recently reported by Yang
et al. [93].

Bowen and coworkers later carried out a more systematic PES study to under-
stand the electronic structures of different lanthanide dopants in silicon clusters:
Si,Ln~ (n = 3-13; Ln = Ho, Gd, Pr, Sm, Eu, and Yb) [36]. These spectra are
presented in Fig. 9. On the basis of their appearance, the Ln doped silicon systems
can be categorized either into one of the two distinct categories A and B or in the
intermediate category AB. The photoelectron spectra of Si,Eu and Si,Yb (n

12) have a common feature with a low electron binding energy and form category
A. The photoelectron spectra of Ho, Gd, and Pr doped anionic Si clusters lack low
energy electron binding peaks and form category B. Most interestingly, Si,Sm" is
an exception (intermediate category AB), because the small sizesn < 6andn =9
have the same low energy feature as the clusters in category A, while larger sizes
n > 11 have spectra similar to the clusters in category B. Intermediate sizes of
Si,Sm~ (n =7, 8, and 10) even show features of both A and B. The different
electronic features of the different lanthanide doped silicon clusters were explained
by different oxidation states adopted by the lanthanide atoms. It was also claimed
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Fig. 9 Photoelectron spectra of Si,Ln~ (3 < n < 13) anionic clusters recorded following
excitation with 266 nm photons. The vertical arrows indicate the threshold energies from which
the adiabatic electron affinities (EA,) of the clusters are inferred. Due to the presence of two
isomers for Si,Sm™ (n =7, 9, 10) two vertical arrows are drawn in their photoelectron spectra
approximately pointing at the threshold energies of each isomer. Peaks corresponding to an
impurity are marked with “I”. The categories A, B, and AB are explained in the text. (Reproduced
from Grubisic A et al. (2009) J Am Chem Soc 131:10783)

that based on the adopted oxidation state of the lanthanide atoms it should be
possible to predict the likely electronic structures of other Si,Ln clusters.

Plenty of computational work has been done on lanthanide doped silicon clus-
ters. Neutral and anionic lanthanide doped silicon clusters SiﬁLnO/ ~ (Ln = La, Ce,
Pr, Eu, Gd, Ho, Tb, Yb, and Lu) have been investigated by DFT [94-96]. It was
shown that all anionic SigLn  clusters, except SigYb™, prefer structures with the Ln
dopant atom located on top of a pentagonal bipyramid. On the other hand, in all
neutral SigLn clusters and in the anionic SigYb , the dopant prefers an equatorial
position in the pentagonal bipyramidal structure. In general, the magnetic moments
of the dopant atoms in these clusters remain largely localized and the atomic-like
magnetism is maintained in the doped clusters. Guo et al. have shown that caged
lanthanide doped silicon clusters, SijgLn (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tm,
Yb, and Lu), favor fullerene-like over Frank-Kasper structures, which is the most
stable structure for many transition metal doped clusters [97]. They found large spin
magnetic moments on late lanthanide dopants (Eu: 5.85 pg; Gd: 6.81 pg), while
some others (Pr, Nd, Sm, and Tm) have large orbibal moments. In addition, for
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dopants in which the lanthanide 4f atomic orbitals are less than half-filled (Pr, Nd,
and Sm) the orbital and spin moments are antiparallel to one another, but when the
4f atomic orbitals are more than half filled (Tm) the orbital and spin moments are
parallel. Also Si,Ho (n = 1-20) has been studied computationally. Liu et al. pre-
dicted that the Ho dopant replaces a Si atom in the pure Si,,,; clusters for most small
Si,Ho (n = 1-12) clusters with large local magnetic moments on Ho [98], while
Zhao et al. suggested that the Ho dopant atom is encapsulated by a Si cage from
n = 15 onwards [99]. Mulliken population analysis showed charge transfer from the
Ho dopant to the Si framework for small sizes (n = 1-12), however, the calculated
atomic polar tensor-based charges for larger Si,,Ho (n = 12-20) indicate an inverted
transfer [99]. Cao et al. found growth patterns for Si,Lu (n = 1-12) very similar to
Si,Ho clusters and the calculated ground state structures of Si,Lu (n = 1-12) are
formed by substituting a Si atom of the pure Si,,; clusters with a Lu atom [100].

3.4 Non-metallic Main Group Dopants

Besides transition metal and lanthanide doped silicon clusters, also silicon clusters
doped with main group elements have intensively been studied the last years. In this
review we restrict to main group dopant elements that are not metallic in the bulk
phase. In particular, Si, X with X = B, C, O, F, N, and As will be discussed and the
focus is on experimental studies.

Fielicke and coworkers obtained infrared spectra of neutral silicon carbide
clusters, Si,,C, m+n=6, n < 2), using the IR-UV2CI technique [101].
Structural assignment of Sig, SisC, and SiyC, was accomplished by comparison
between experimental IR spectra and calculated linear absorption spectra.
Computations for the entire Si,,C, (m + n = 6, n = 0-6) series predict a structural
transition from chain-like Cg to three-dimensional bipyramidal structures for Sig
(see Fig. 10). This example demonstrates that the structural differences between

Fig. 10 Evolution of the geometrical structures of neutral Sig_,C,, clusters (n = 0-6). (Reproduced
from Savoca M et al. (2013) J Phys Chem A 117:1158)
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carbon, being flexible and exhibiting different types of sp” (n = 1-3) hybridization,
and silicon, preferring single bonds with sp® hybridization, are retained at the
subnanometer scale. Furthermore, even for the smallest possible number of carbon
atoms (n = 2), carbon segregation is observed, which can be rationalized by
chemical bonding arguments. The bond strength decreases along the C-C, C-Si,
Si—Si series and Si has a high ability for multicenter bonding.

Nakajima et al. investigated Si,,C, (1 < m < 7 and 1 < n < 5) cluster
anions by PES. Similar spectra were found for Si,,C” (3 < m < 7) and pure
Si,..1 , which was attributed to the isovalent electronic structure of Si and C atoms
and suggested similar geometric structures. However, significant differences were
found for SiC,, and C,,; (2 < n < 5), which was explained by the change of
the geometries [102].

Recent complementary experimental and theoretical studies dealt with the
vibrational spectra and structures of neutral silicon clusters doped with first row
elements SigX with X = Be, B, C, N, O [103, 104]. For SigX (X = B, C, O) cal-
culated IR spectra could be compared to experimental spectra obtained by
IR-UV2CI, while for the other clusters no experimental spectra were measured.
Computations showed that the dopant atoms in SigX have a negative net charge and
the Si atoms act as electron donors. Their structures strongly depend on the nature
of the dopant atom. In particular, Be, B, and C favor structures based on the Si;
pentagonal bipyramid with substitution at an apex, while N and O doping cause
complete structural rearrangement of the silicon cluster. Also vibrational spectra of
Xe-tagged cationic silicon oxide clusters Si,0,," withn=3-5and m=n, n + 1
have been obtained by IR-MPD [105]. For most sizes, the experimental IR spectra
are consistent with the harmonic vibrational spectra of the calculated lowest energy
isomer of the corresponding clusters (without considering the Xe messenger atom).
In some cases (Si4Os3", SisOs*, and Sis04") it was found that Xe tagging changed
the energetic order of the structural isomers, although the overall influence of the
Xe adsorption on the cluster geometries and on the IR spectra is small. For the
Si,0,," clusters, no simple sequential growth mechanism could be identified, but
interesting structural motifs were found such as the Si;O, rhombus, the SizO,
pentagon, and the Si;O3 hexagon, which may be building blocks of larger Si,0,,"
clusters. For silicon monoxide (SiO),,* (n = 3-5), Garand et al. used loss of a SiO
unit following infrared irradiation to record action spectra [106]. Although (SiO),*
shows a structure different from its neutral counterpart and the presence of two
isomers was suggested, neutral and cationic (SiO)3+/0 and (SiO)5+/0 have similar
structures.

Besides these combined experimental and computational studies, there also exist
a huge number of computational studies. For instance, Avaltroni et al. studied the
stability of small endohedrally B and C doped silicon clusters [107]. The atomic
radius, the electronegativity and the bonding pattern of the dopant atoms were
found to be the main factors that determine the relative stability of the cluster. For
Sig it was predicted that a B dopant could stabilize a small cubic caged structure.
Work by Ngan and Nguyen showed that a closed electronic shell structure, with 34
delocalized valence electrons, is able to stabilize cubic caged SigB™, SigBe, and
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SigC** isomers [16]. They found that the Si atoms in the cluster have sp’
hydridization and that dangling bonds are saturated by the main group dopant
atoms. Later studies of the same group identified the growth mechanism of boron
doped silicon clusters Si,B (n = 1-10) [108]. They found that Si,,B can be formed
by adding a Si atom to Si,—;B and the B dopant is encapsulated by a Si,, cage from
n = 8 onwards, although the predicted lowest energy isomer of SigB is based on a
pentagonal bipyramidal motif and is not a cube. The high stability of SigB  and
SijoB* is claimed to originate from closed electronic shells and from spherical
aromaticity. For C doped silicon clusters, a planar tetracoordinated carbon Si,C**
structure with enhanced stability was predicted, which is a building block for SigC
[109]. Combined effects of the electron delocalization and geometrical constraint of
the Sip and an additional electrostatic interaction also contribute to the cluster
stabilization.

Also fluorine has been considered as dopant in silicon clusters. Zhang et al.
conducted a systematical study of the geometries, stabilities, and electronic prop-
erties of Si,F (n = 1-12) by first-principles calculations [110]. The located ground
state structures of Si,,F (n = 1-12) are all exohedral and the F dopant was found to
enhance the chemical reactivity and to reduce the stability of the pure Si clusters
with smaller HOMO-LUMO gaps in the F doped clusters compared to the corre-
sponding pure silicon clusters. They also found negative charges on the F dopant
for the studied sizes. Arsenic doped silicon clusters, Si,As (n = 1-14), have been
studied by Kodlaa et al. [111]. The As dopant seems to have a limited effect on the
structures of the pure Si clusters and favors to adsorb to the pure Si, clusters at
exohedral positions. Interestingly, enhanced metallic characteristics were found for
the larger clusters, i.e., from n = 4 onwards.

4 Summary and Outlook

In this chapter, we presented a review of recent progress on the structural identi-
fication of doped silicon clusters. Besides geometric structures, also electronic and
magnetic properties of the clusters are briefly commented on. Growth patterns of
the doped silicon clusters are discussed and clusters with appealing structural,
electronic, or magnetic properties are identified. As dopant elements coinage
metals, transition metals, lanthanides, and non-metallic main-group atoms were
considered. Experimentally, the main techniques that have been applied in recent
years for studying doped silicon clusters in the gas phase are chemical probe mass
spectrometry methods, IR action spectroscopy, photoelectron spectroscopy, and
x-ray absorption spectroscopy. Computationally most work makes use of the
density functional theory formalism.

Specific doped silicon clusters with appealing properties may be used in future
applications. However, it is important to realize that the current chapter dealt with
isolated clusters in the gas phase. In devices, the interactions with the environment
will affect the cluster’s properties. Further extension of the work should deal with
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deposited size selected clusters, which have potential as building blocks of
nano-assemblies in microelectronic devices. The choice of the substrate will be
crucial, as the geometric and electronic properties of these clusters will be altered by
interaction with the support. Recently, using scanning tunneling microscopy
(STM), Nakajima and coworkers investigated the initial products created by the
deposition of gas phase synthesized Si;¢Ta", which is predicted to be very stable,
on monolayer films of Cgg molecules. SijgTa—Cgq heterodimers are formed pref-
erentially [112]. They also demonstrated that densely packed Si;¢Ta" clusters can
be immobilized onto Cg( terminated surfaces, while retaining their cage shape and
positive charge [113]. Another example concerns materials based on Sij,V*. Its
symmetric hexagonal prism structure in the gas phase [28] inspired researchers to
build networks with Sij,V* as building block. A first-principle calculation
demonstrated that hexagonal porous and honeycomb-like frameworks build up
from Si;,V units with regularly and separately distributed V atoms are stable at
room temperature [114]. The preferred magnetic coupling in both the hexagonal
porous and honeycomb-like sheets is found to be ferromagnetic due to a
free-electron-mediated mechanism. By using external strain, it was shown that the
magnetic moments and the strength of the magnetic coupling with the sheets can be
deliberately tuned [115], which is propitious for advanced applications, in particular
for 2D silicon-based spintronic nanomaterials.

Another subject that needs further exploration is multiply doped silicon clusters,
especially using magnetic dopants. In these systems, the magnetic coupling
between the dopant atoms can be tuned by the size of the silicon host cage and by
the interaction with the silicon which can be strongly size-dependent [38, 86, 87].
This approach could allow to control the magnetic properties in silicon clusters.
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