
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Geometry Controls the Stability of FeSi14 
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First-principles theoretical studies have been carried out to investigate the stability of Sin 

cages impregnated with a Fe atom. It is shown that FeSi9, FeSi11, and FeSi14 clusters exhibit 

enhanced local stability as seen through an increase in Si binding energy, Fe embedding 

energy, the gap between the Highest Occupied Molecular Orbital (HOMO) and the Lowest 

Unoccupied Molecular Orbital (LUMO), and the Ionization Potential (IP). The conventional 

picture for the stability of such species combines an assumption of electron precise bonding 

with the 18-electron rule; however, we find this to be inadequate to explain the enhanced 

stability in FeSi11 and FeSi14 because the d-band is filled for all FeSin clusters for n≥9. 

FeSi14 is shown to be the most stable due to a compact and highly symmetric Si14 cage with 

octahedral symmetry that allows better mixing between Fe 3d- and Si 3p- electronic states. 

 

 

 

Introduction 

Silicon and carbon belong to the same periodic group, but, 

while both atoms have four valence electrons, they exhibit 

different bonding patterns. Diamond is an insulator while Si is a 

semiconductor. On the nanoscale, C forms stable graphene 

sheets and cages. Silicon, however, prefers sp3 bonding, favors 

tetrahedral coordination, and does not form graphitic sheets or 

fullerene cages. The structure of silicon clusters has been the 

subject of intense research over the past 25 years and it is now 

known that in contrast to bulk Si, small clusters often have 

complex structures with Si sites of varying coordination.1–4 In 

particular, it was suggested that silicon cages with low 

coordinated Si sites could be stabilized by introducing metal 

atoms.5–7 These clusters could be assembled into materials with 

tunable properties8,9 and could result in magnetic silicon when 

brought together which could be highly valuable to the 

electronics industry.10,11 This generated considerable interest in 

studies of silicon cages with endohedral metal atoms and 

theoretical studies reported such cages to be quite stable.12,13 

The clusters’ stability was experimentally confirmed by Hiura, 

Kanayama, and co-workers, who generated a series of 

hydrogenated silicon clusters by reacting silane with several 5d 

transition metal atoms.14 Through an examination of the 

relative intensities of MSin
+, MSinH2

+, and MSinH4
+ clusters in 

the reacted beam, these authors proceeded to identify the 

unusually stable (magic) species. In particular, for the WSin 

clusters, the non-reactivity with silane and the preponderance of 

WSi12 prompted Hiura et al. to argue that WSi12 is a highly 

stable magic species. Hiura et al. also proposed that the stability 

of WSi12 could be rationalized within the 18-electron rule, 

assuming that each Si atom contributes one electron to the 

valence of W, which already has six electrons.  

 The suggestion of the 18-electron rule as a guiding principle 

for WSi12 prompted a flurry of theoretical activity, much of it 

focused on its isoelectronic congener CrSi12.
15–30 The 

application of the 18-electron rule is based on the electron 

precise bonding between Si and the transition metal where each 

Si contributes one electron to the valence pool. Other models 

based on a confined nearly free electron gas have also been 

proposed.24–34 

 In a recent paper, we revisited the applicability of the 18-

electron rule to CrSin clusters and, in particular, the reported 

stability of CrSi12.
35 Our investigations, based on first-

principles density functional calculations, showed that the 

ground state structure of CrSi12 is an oblate hexagonal prism 

with a Cr site occupying an interior location, in agreement with 

numerous previous studies.14,15,20,24,32,36–39 More importantly, a 

critical examination of the bonding showed that the electronic 

structure of CrSi12 does not conform to the 18-electron rule. An 

analysis of the electronic states with appreciable Cr character 

revealed that CrSi12 has only 16 effective valence electrons 

assigned to the Cr atom and an unoccupied 3dz
2 orbital. The 

oblate D6h structure leads to a large crystal field-like splitting of 

the 3d-orbitals, which results in an appreciable HOMO-LUMO 

gap, enabling the cluster to exhibit some of the attributes of 

stable clusters. The addition of two Si atoms to form CrSi14 

leads to the filling of the 3d-states in accordance with the 18-

electron rule, and CrSi14 exhibits all conventional markers of a 

magic cluster. The geometric structure of CrSi14 has a Cr site 

surrounded by a compact (C2v) Si14 cage that leads to a close 

grouping of the Cr 3d-states and suppresses the crystal field 

Page 1 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

splitting seen in CrSi12. The cluster has a larger number of Si-Si 

bonds and favors better mixing between Cr 3d- and Si 3p-

states. While these studies provided some support for the 18-

electron rule, the compact CrSi14 cage structure raises the 

question as to whether the geometry plays an important role in 

the stability. Recent work by Goicoechea and McGrady also 

suggests that the geometry of the Si cage and the bonding 

between silicon atoms is just as important to consider as the 

filling of the d-states on the metal atom.40 One way to explore 

this is to examine MSin clusters with a metal M that has a 

different number of valence electrons.  

The purpose of the present paper is to carry out first-

principles studies on FeSin clusters containing up to 16 Si 

atoms. Fe has two more valence electrons than Cr and one 

would expect a filled 3dz
2 orbital in FeSi12; however, if the 

structure is driven by stabilizing the Fe core, the cluster would 

likely find a more compact Si cage encapsulating the atom, 

while if cage bonding plays a dominant role, then the same 

structure will be found. Furthermore, if the electronic effects 

are dominant, FeSi12 should be highly stable. On the other 

hand, if the geometric effects are dominant, one would expect 

FeSi14 with a symmetrical cage to be more stable, assuming that 

the cluster has the same structure as CrSi14. To critically assess 

the role of geometric factors on stability, we analyzed the 

connectivity of the Sin cage (number of Si-Si bonds) as a 

function of size. We find that the 18-electron rule does not 

explain the stability of the FeSin clusters identified in this work, 

because all of the clusters n≥9 have fully occupied 3d-shells, 

yet large variations in stability are found. Thus, the stability of 

these larger FeSin clusters cannot be reconciled within the 18-

electron rule. In particular, we show that the bonding is not 

electron precise and that the geometry of the cage plays an 

important role by controlling the mixing between the transition 

metal and silicon electronic states. 

 

Method 

Density functional theory studies were carried out on FeSin (n = 

6-16) using the generalized gradient approximation (GGA) for 

exchange and correlation as proposed by Perdew, Burke, and 

Ernzerhof (PBE).41,42 We previously showed this to be an 

accurate functional for the CrSin clusters by comparison of 

simulated and experimental photoelectron spectra.35 Actual 

calculations were completed using the Amsterdam Density 

Functional (ADF) set of codes,43,44 in which the atomic wave 

functions are expressed in terms of Slater-type orbitals (STO) 

located at the atomic sites. The cluster wave functions are 

constructed from a linear combination of these atomic orbitals. 

A TZ2P basis set and a small frozen electron core [1s2 2s2 2p6] 

was used for both Si and Fe atoms.45 Scalar relativistic effects 

were incorporated using the Zero-Order Regular 

Approximation46–48 to allow for comparison with larger 

transition metal atoms. Numerous initial geometries were tried 

in order to cover the potential energy surface. The calculations 

covered the neutral as well as anionic and cationic species, and 

several possible spin multiplicities were considered for all 

clusters. 

 

Result and discussion 

Fig. 1 shows the ground state geometries, including spin 

multiplicities, of neutral FeSin (n=6-16) clusters, with the 

higher energy isomers given in Fig. S1(a-f). These structures 

are similar to the ones obtained in previous theoretical 

studies.18,20,24,28,32,38,49  

 The ground states of FeSi6, FeSi7, and FeSi8 are spin triplet 

and the Fe sites carry spin magnetic moments, an indication 

that the d-states are not filled. From FeSi9 onwards the ground 

states are all spin singlet as the Fe spin moment is quenched. 

For FeSi10, a spin triplet state is marginally more stable than the 

ground state by 0.007 eV, as shown in Fig. S1(c), but here we 

have chosen to focus on the singlet configuration as it relates to 

larger species. For smaller sizes, the Fe site is exposed to the 

outside, but as the size increases, Fe occupies an interior site 

that is completely surrounded by Si atoms. Complete 

encapsulation occurs at FeSi10. The geometry of FeSi12 is 

similar to the oblate D6h cage found for CrSi12, but is slightly 

distorted. FeSi14 is found to have a structure even more 

symmetric than CrSi14, with the most stable structure being a 

rhombic dodecahedron with Oh symmetry that is 0.43 eV more 

stable than the C2v structure of CrSi14. FeSi14 is also the largest 

cluster in which every Si atom is bound to the encapsulated Fe 

atom. Fig. 1 also shows average Si-Si and Fe-Si bond lengths, 

and we find that the average Fe-Si bond length increases with 

size.  

 In order to uncover clusters with enhanced stability, we 

calculated several energetic properties, including: the energy 

gain, ∆Si, as a Si atom is added to the preceding size; the 

embedding energy, ∆Fe, representing the gain in energy as a Fe 

atom is added to a Sin cluster; the HOMO-LUMO gap; the 
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vertical and adiabatic detachment energies (VDE and ADE), 

the energy differences between the anionic ground state and a 

neutral cluster in the geometry of the anion and in its ground 

state geometry, respectively; and the vertical and adiabatic 

ionization potentials  (VIP and AIP), the energy differences 

between the neutral ground state and cationic cluster in the 

geometry of the neutral and in its ground state geometry, 

respectively. Some of these energies are defined by 

 

           ∆Si  = (E(FeSin-1) + E(Si)) - E(FeSin)       (1) 

           ∆Fe  = (E(Sin) + E(Fe)) - E(FeSin)            (2) 

          ADE = E(FeSin
-) – E(FeSin)                       (3) 

          AIP   = E(FeSin
+) – E(FeSin)                      (4) 

 

Here E(FeSin), E(FeSin
+), and E(FeSin

-) are the total energies of 

the ground state neutral, cationic, and anionic FeSin cluster, 

respectively, while E(Si) and E(Fe) are the total energies of the 

Si and Fe atoms, respectively. E(Sin) is the total energy of the 

ground state of the pure Sin (n = 6-16) clusters previously 

reported,35 which agree with other theoretical studies.1–4 The  

ground states of the anions and cations used for the calculation 

of ADE/VDE and AIP/VIP are shown in Figs. S2 and S3 of the 

Supplemental Information.  

 

In Fig. 2, we present the HOMO-LUMO gaps, ∆Si, and 

∆Fe. Table S1 in the Supplemental Information provides the 

numerical values for all energetic properties. From Fig. 2(a), it 

is clear that FeSi9, FeSi11, and FeSi14 all show local maxima for  

the HOMO-LUMO gap. For each of these clusters, the gap is 

higher than 1.1 eV. Our previous studies have shown that 

clusters with a gap higher than 1.1 eV are generally resilient to 

reacting with etchants like oxygen and hence can be regarded as  

chemically stable.50 The clusters are also energetically stable as 

 indicated by variations in ∆Si and ∆Fe. For ∆Si, FeSi9, FeSi11, 

and FeSi14 are marked by a gain in energy of 4.4 eV - 4.8 eV in 

growing the clusters from previous size. These clusters also 

show a drop in binding in growing to the next size. The 

variations in ∆Fe are less obvious. On average, ∆Fe increases 

with size as the Fe site bonds to a growing number of Si atoms; 

however, there are local jumps at FeSi9, FeSi11, and FeSi14, 

indicating their enhanced stability. 

To further determine if the special stability at FeSi9, FeSi11, 

and FeSi14 depends on electronic features, we present the VIP, 

AIP, VDE, and ADE in the Fig. 3. While the AIPs show local 

maxima at FeSi9, FeSi11, and FeSi14, local maxima are found 

only at FeSi9 and FeSi11 for VIP. Note that similar local 

maxima are seen at magic sizes for metal clusters and are 

usually a signature of shell closings. The other signature of 

shell closure is the minima in binding of an electron when 

added to such clusters. Indeed, the ADE shows local minima at 

these sizes. The trends in the VDE are less noticeable since it is 

primarily determined by the ground state of the anionic species. 

Page 3 of 7 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

  As previously discussed, application of the 18-electron rule 

coupled with the assumption of electron precise bonding 

wherein each Si contributes an electron to the valence of Fe 

would suggest a maximum stability at FeSi10 since Fe has 8 

valence electrons. However, FeSi10 and FeSi12 do not show any 

signs of enhanced stability. In comparing the geometry of 

FeSi12 to that of CrSi12, the hexagonal prism formed by the two 

faces is distorted in FeSi12, which suggests that the filling of 

3dz
2 orbital in the Fe core results in a symmetry breaking and 

lower symmetry structure than the D6h of CrSi12. To further 

determine if the filling of the metal d-shell through bonding 

with Si atoms is associated with the observed stability at FeSi9, 

FeSi11, and FeSi14, we analyzed the electronic states in the 

FeSin clusters. To get a quantitative picture, we calculated the 

percentage of dz
2, dxy, dyz, dxz, and dx

2
-y

2 in all the occupied 

orbitals for sizes ranging from FeSi8 to FeSi15 using a Mulliken 

population analysis. Numerical values of d-state contributions 

are given in the Table S2. Fig. 4 shows these percentages from 

FeSi8 through FeSi15. Since the Fe 3d-states bond with Si 3s- 

and 3p-states, we regarded those states that have more than 

50% population as effectively filled states (if the bonding states 

are occupied, we would expect around 50% population). Note 

that dZ
2 and dyz in the minority spin states of FeSi8 have less 

than 50% occupation and so could be regarded as unfilled. 

From FeSi9 on, all of the clusters may be considered to have 

filled 3d orbitals, and there is no apparent difference in the 3d 

occupation of the magic sizes and the non-magic sizes. FeSi9 

has the second largest ∆Si energy, a relatively large HOMO-

LUMO gap, and a local maximum in the ∆Fe energy, consistent 

with being the smallest cluster to which the 18-electron rule 

applies. However, when analyzing the stability of all clusters 

larger than n=9, the role of the 18-electron rule is not clear as it 

applies to all of these clusters. This reveals that bonding with Si 

fills the 3d-shell of Fe more easily than the electron precise 

model prediction that previous studies have suggested. Thus, 

some other factor must be driving the magic stability of FeSi14. 

In an attempt to see if the additional stability was associated 

with the pure Sin cages, we calculated ∆Si for pure Sin clusters. 

Enhanced values for ∆Si are observed at n = 10, 12, and 14. 

While the magic sizes at 9 and 11 do not correspond to any of 

these numbers, the stability of FeSi14 might have common 

origin. 

  From a fundamental point of view, these clusters are 

composed of Si-Si and Fe-Si interactions, and so we surveyed 

trends in these interactions with increasing cluster size. We first 

investigated the number of Si atoms that are actually bonded to 

Fe through an examination of bond critical points (BCPs). A 

point (rc) in the 3-dimensional electron density (ρ) distribution 

where the gradient of ρ vanishes is known as a critical point 

(CP). Particularly, the behaviour of ρ near rc is characterized by 

the rank R and signature of S of the CP. These two indices (R, 

S) are obtained by diagonalizing the Hessian matrix of ρ. The 

rank R is the number of non-zero eigenvalues and S is the 

algebraic sum of the signs of the eigenvalues indicating the 

topological feature (i.e. maxima, minima or saddle) of the CP. 

The (3, -1) CP indicates a saddle point in electron density 

distribution and is observed when a pair of atoms are bonded in 

a given cluster or molecule. Therefore, it is named the bond 

critical point.51,52 Fig. 5(a) shows the number of BCPs between 

Fe and Si atoms as a function of size. It is interesting that the 

trend in the number of Fe-Si BCPs has jumps at 9, 11, and 14, 

indicating that the metal becomes bonded to more Si atoms at 

these sizes. We also note that there is a local maximum in the 

number of BCPs at 12, which is due to the cluster’s highly 

symmetric nearly D6h atomic structure. To further characterize 

the bonding, we inspected the connectivity of the Sin cage by 

calculating the number of Si-Si bonds (NSS). Fig. 5(b) shows 

the variation of the NSS with size. Note that there is an increase 

in NSS at 9, 11, and 14, indicating that the connectivity of the 

cage does increase at stable sizes. While the variations in BCPs 

and NSS provide some guidance to the observed magic sizes, a 

more physical picture into how these changes affect the 

stability is needed. Recently, it has been suggested that 

aromaticity plays a role in stabilizing cage and encapsulating 

cage clusters.53 NICS is the most common measure of 

aromaticity.54 Since FeSi14 is found to be a highly symmetric, 

we have evaluated the NICS values at various positions as 
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shown in Fig. S8. All the NICS values (Table S2) are found to 

be negative; however, the presence of charge density also 

causes a negative NICS value making it difficult to determine if 

this is due to ring currents or simple bonding. Generally, NICS 

is an indicator of stability at the center of the cage, and we do 

find that the Si14 cage has a NICS value of -41.9 ppm, 

consistent with a stable cage structure.55 

  To develop a more conceptual basis, we further investigated 

the bonding between Fe and Si sites by examining the 

variations in the overlap partial density of states (OPDOS), 

which can provide information about the nature of the bonding 

(a positive OPDOS corresponds to bonding interaction and a 

negative OPDOS corresponds to anti-bonding), the strength of 

mixing, and the location of bonding and anti-bonding states in 

energy. Figs. S4 through S6 in the Supplemental Information 

show the OPDOS for FeSi8 through FeSi16 clusters. Since FeSi8 

has a triplet ground state, the figure shows the OPDOS for both 

the spins. Starting with FeSi8 and FeSi9, the filled states are 

bonding states. FeSi10 has an anti-bonding state near HOMO 

that is unfilled. At FeSi11, the anti-bonding states begin to be 

occupied and the number of anti-bonding states increases with 

size. For FeSi14, the bonding states are grouped closely due to 

the cluster’s high symmetry. The anti-bonding state is located at 

the HOMO and so does not adversely affect the stability.  

 As the OPDOS includes all the states, we identified the 

states with significant hybridization between the Fe d-states and 

the Si sp-states. In Fig. 6 we present (1) the location of the 

LUMO, (2) the location of the HOMO, and (3) the width of the 

d-band through energy spread of the states with appreciable 

contribution from Fe 3d-orbitals. One notices that there is 

significant variation in the width of the d-band. A smaller width 

of the d-band results from a more spherical distribution of Si 

atoms around the Fe core, assuming that the d-band is fully 

occupied. Thus, the width of the d-band can provide 

information abound the local geometry of Si surrounding Fe. 

For most sizes, the states are fairly spread out. However, for 

FeSi9, FeSi11, and FeSi14, the d-band narrows to 0.53, 0.88, and 

0.05 eV, respectively. This effect is most pronounced for FeSi14 

due to its highly symmetric octahedral structure with a nearly 

spherical distribution of Si atoms around the Fe core. At these 

sizes, the variation in the energy of the HOMO also shows a 

local minimum. For FeSi14, which has the largest ∆Si, a high 

HOMO-LUMO gap and embedding energy, and low ADE and 

VDE, we additionally find large connectivity as seen through 

NSS, a high number of BCPs between Fe and Si atoms, the 

narrowest d-band, strong hybridization between the Fe d-states 

and Si sp-states, and anti-bonding character that is pushed to  

the HOMO. All of these factors lead to a highly stable species. 

Conclusion 

The above results point to a more unified picture for the 

stability of FeSin clusters. The stability has contributions from 

the Si-Si bonds in that the magic sizes have marked increases in 

connectivity and hence the number of such bonds. This is 

reasonable as Si-Si bonds contribute to the increase in energy. 

An associated effect is the increase in metal-Si bonds. The 

analysis of the bond critical points indicates that the more stable 

species have a higher number of BCPs, which leads to an 

increase in silicon binding energy. The other significant effect, 

however, is the mixing between the Fe 3d- and Si p-states. The 

cages that are more spherical allow for an effective mixing 

between the states and lead to narrower bands of bonding 

states, which results in an increase in bonding and the 

emergence of special magic sizes. Our studies find that the 

stability enhancement brought on by the filling of the transition 
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metal d-bands occurs at FeSi9, which has fewer silicon atoms 

than that predicted by previous electron precise counting rules. 

Rather, the stability of FeSi14 is caused by the cluster’s 

octahedral cage structure, which maximizes bonding between 

the Fe atom and the Si cage. We hope that the present findings 

would encourage experimental investigations of the 

spectroscopy and other properties for transition metal doped 

silicon clusters. 
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