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With the recent advances in miniaturization, understanding and controlling the properties of technologically
significant materials such as silicon in the nano regime assumes considerable importance. The silicon clusters
in the size range of 15-20 atoms are known to be unstable upon heating. For example, Si,, does not melt but
fragments around 1250 K, whereas Si;5 has a liquidlike phase spread over a short temperature range and
undergoes fragmentation at approximately 1800 K. In this paper, we demonstrate that it is possible to suppress
such a fragmentation process by introducing the appropriate dopant (in this case Ti). Specifically, by using the
first-principles density functional simulations we show that Ti-doped Si;¢, having the Frank-Kasper polyhedral,
remains stable till at least 2200 K and fragments only above 2600 K. Our calculations also indicate that the
observed melting transition is a two-step process. The first step is initiated by the surface melting at approxi-
mately 600 K. In the second step, the destruction of the cage takes place at approximately 2250 K, giving rise

to a peak in the heat capacity curve.
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I. INTRODUCTION

With the advent of nanoscience and technology, investi-
gating physical properties of clusters has assumed consider-
able importance. As the size of the system becomes smaller
and smaller its physical and chemical properties are expected
to change, sometimes significantly. In fact, this is what drives
the quest for nano materials research. However, it may hap-
pen that this size effect drives a property towards an unde-
sirable direction. The finite temperature properties of small
silicon clusters is one such example. In our recent finite tem-
perature studies' it was found that the small clusters of sili-
con (Si,, n=15 and 20) become unstable and fragment when
heated up to approximately 1500 K. Typically, our extensive
density functional simulations showed that Si;5 fragments at
approximately 1800 K in to Sig and Sig, although we also
observe Sijg+Sis and Sig+Si; for a short time span. It exists
in a liquidlike phase over a short temperature range (900 to
1400 K) before fragmenting. On the other hand, Si,, trans-
forms from the ground state to the first isomer (with two
distinct Si;o units) at approximately 1000 K and eventually
fragments into two Si;, units at approximately 1200 K. Thus,
Si,, does not show any solidlike to liquidlike transition prior
to fragmentation. The result, although not surprising, can
have technological implications, silicon being the key ingre-
dient in most of the semiconductor devices. This paper ad-
dresses the issue of remedying this difficulty by using the
appropriate dopant. That the impurities induce significant
changes in the structure as well as the electronic properties is
well known in the solid state community. In the context of
clusters, several studies have been reported. For example, a
single atom of tin or aluminum in lithium clusters is known
to change the nature of the bonding among the host atoms.>?
In a recent work, Mottet et al.* demonstrated that a single
impurity (Ni or Cu) in Agss cluster changes structural and
thermal properties dramatically. Interestingly, this effect was
found to be significant only in an icosahedral host.

Silicon is the most important semiconducting material in
the microelectronics industry. In a small-size regime, the
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structure and properties of materials often differ dramatically
from those of the bulk. Over the past several years, there has
been extensive theoretical and experimental work describing
the ground state geometries of medium sized silicon
clusters.’>"'% These clusters are built upon stable tricapped
trigonal prism (TTP) units which play a crucial role in the
finite temperature behavior of the cluster.'” The high stability
of TTP units results in fragmentation of these clusters instead
of solidlike to liquidlike transition.! The ground state geom-
etries of these clusters are well established in the literature.
The ground state geometry of Si;q can be described as two
fused pentagonal prisms.’

Recently, the electronic structure and the geometry of
doped silicon clusters has attracted some attention. Experi-
ments on doped silicon clusters Si,M (M=Ti,Hf,Cr,Mo,
and W) have shown large abundances for n=15,16 and low
intensities for other sizes.!'-!3 Specifically, the abundances
drop drastically beyond n=16, giving support to the predic-
tions of the exceptional stability of n=16 clusters. Kawa-
mura et al.'* showed that for Si,M, M=Ti, Zr, and Hf and
n=8-12, basketlike open structures to be the most favorable,
while for n=13-16, the metal atom is completely sur-
rounded by silicon atoms. Recently, measurements of elec-
tron affinities of Ti-doped silicon clusters'! have been found
to have a minimum at n=16, suggesting the closed electronic
shell nature and strong stability of Si;¢Ti. The electronic
structure of silicon clusters in the size range noted above has
been studied by ab initio methods.>”” It may be noted that
none of the silicon clusters in this size range form stable
caged structures. In a quest to obtain stable silicon cage
structures, Kumar et al.'*~'7 found that it is possible to sta-
bilize a caged structure for cluster using a class of dopants.
Specifically, they showed that a single impurity of transition
metal atoms such as Ti, Zr, Hf enhances the binding energy
of Sijq and changes the structure to a caged one, similar to
carbon cages. The gain in binding energy is substantial and is
of the order of few eV, and highest occupied molocular
orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) gap is more than 1 eV which make these structures
stable. Among the systems studied, Si;qTi has the largest
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FIG. 1. (Color online) The ground state geometry and a few
interesting isomers of Si|¢Ti. AE represents the energy difference
with respect to the ground state energy.

HOMO-LUMO gap (2.35 V) as compared to other dopants
of Sij such as Zr and Hf."> The ground state geometry for
Sij¢Ti has been found to be a Frank-Kasper polyhedron,
which is also shown in Fig. 1(a). Therefore, Si;¢Ti is a likely
candidate to show a stable behavior at finite temperatures.
The earlier studies reported the stability on the basis of the
energies of the ground state structures and therefore are valid
at zero temperature. It is of considerable practical interest to
examine the stability of such clusters at finite temperatures
and elucidate the possible mechanism for the dopant induced
enhanced stability. As we shall demonstrate, by adding a
dopant such as Ti, it is possible to avoid the fragmentation
observed in small Si clusters. The cluster shows a surface
melting of Si atoms. However, the motion of Si atoms is
restricted to a small shell around Ti until 2200 K. The cluster
is on the verge of fragmentation at approximately 2600 K,
almost 1000 K higher than that in pure Si clusters.

II. COMPUTATIONAL DETAILS

We have carried out isokinetic Born-Oppenheimer mo-
lecular dynamic (BOMD) simulations using ultrasoft
pseudopotentials within the generalized gradient approxima-
tion (GGA), as implemented in the vasp package.'® For com-
puting heat capacities, the BOMD calculations were carried
out for 17 different temperatures in the range of 100 to
3000 K, each with the duration of 150 ps or more, which
result in a total simulation time of 2.6 ns. In order to obtain
converged heat capacity curves especially in the region of
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coexistence, more temperatures were required with longer
simulation times. We have discarded the first 30 ps of each
temperature for thermalization. To analyze the thermody-
namic properties, we first calculate the ionic specific heat by
using the multiple histogram (MH) technique.'®?° We extract
the classical ionic density of states [Q(E)] of the system, or
equivalently the classical ionic entropy, S(E)=kgln Q(E) fol-
lowing the MH technique. With S(E) in hand, one can evalu-
ate thermodynamic averages in a variety of ensembles. In
this work we focus on the ionic specific heat and the caloric
curve. In the canonical ensemble, the specific heat is defined
as usual by C(T)=9U(T)/dT, where U(T)=[Ep(E,T)dE is
the average total energy, and where the probability of observ-
ing an energy E at a temperature 7 is given by the Gibbs
distribution p(E,T)=Q(E)exp(—E/kgT)/Z(T), with Z(T) the
normalizing canonical partition function. We normalize the
calculated canonical specific heat by the zero-temperature
classical limit of the rotational plus vibrational specific heat,
ie.,, Co=(3N-9/2)kg.

We have calculated the root-mean-square bond length
fluctuations (8, for Si-Si and Si-Ti bonds separately to
compare the difference between them. The &, is defined as

1w () - <ri/'>t2)l/2
B =~ il
=N

where N is the number of bonds in the system (N=120 for
Si-Si, and N=16 for Si-Ti), rij is the distance between atoms
i and j, and (---), denotes a time average over the entire
trajectory. Mean square displacements (MSD) are another
traditional parameter used for determining phase transition
and are defined as

(1)

M N

)= S S R+ -Rilon) P @

here N is the number of atoms in the system (N=16 for Si
and N=1 for Ti), and R is the position of the /th atom. Here
we average over M different time origins t,,,, Spanning over
the entire trajectory. The interval between the consecutive t,,
for the average was taken to be about 1.5 ps. The MSD of a
cluster indicate the displacement of atoms in the cluster as a
function of time.

We have also calculated radial distribution function [g(r)]
and deformation parameter (e4,). g(r) is defined as the av-
erage number of atoms within the region r and r+dr. The
shape deformation parameter (e,,) is defined as

20,

Edef = m (3)

where O, = Q,=Q, are the eigenvalues, in descending order,
of the quadrupole tensor

Qij = 2 RIile- 4)
1

Here i and j run from 1 to 3, I runs over the number of ions,
and Rj; is the ith coordinate of ion [ relative to the center of
mass (COM) of the cluster. A spherical system (Q,=Q,
=Q,) has g,,,=1 and larger values of &, indicates deviation
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of the shape of the cluster from sphericity. We use the elec-
tron localization function (ELF) (Ref. 21) to investigate the
nature of bonding. For a single determinant wave function
built from Kohn-Sham orbitals ;, the ELF is defined as

xeLe =1+ (D/D)* T, (5)

where
Dy, = (3/10)(37%)*3p", (6)
D= (U)X [Vl = (18)[Vpllp, (7

with p=p(r) is the valence-electron density. The ELF is de-
fined in such a way that its value is unity for completely
localized systems and 0.5 for homogeneous electron gas.

III. RESULTS AND DISCUSSION

We begin our discussion by noting the characteristics of
the ground state (GS) and some low lying structures of Si;Ti
which are shown in Fig. 1. As has been already mentioned,
the ground state of Si;¢Ti is the Frank—Kasper polyhedron.
The central Ti atom is surrounded by 16 Si atoms within two
closely spaced shells, one with 4 Si atoms forming a tetra-
hedron and another shell consisting of 12 atoms. These shells
are placed at 2.61 and 2.82 A from the central Ti atom, re-
spectively.

The first isomer [Fig. 1(b)] where all the Si atoms are
nearly equidistant from the central Ti atom, is energetically
very close to the ground state (AE=0.009 eV). Isomers hav-
ing either a distorted cage of Si atoms or without any Si cage
are quite high in energy compared to the lowest two struc-
tures. The isomer shown in Fig. 1(f) occurs at very high
temperature (around 2600 K) in our molecular dynamical
runs, and indicates a possible path for fragmentation. At this
point, it is interesting to compare the geometry and the elec-
tronic structure of pure silicon clusters with doped clusters.
Si clusters have a very interesting growth pattern. The
ground state geometries of Si, till n=22 are prolate and for
larger sizes the GS transforms into spherical structures. It has
been also observed that a TTP unit is a part of prolate ground
states. The presence of a highly stable TTP unit is respon-
sible for bypassing the liquidlike state and leads to fragmen-
tation of pure Si, clusters around 1200 to 1800 K in the size
range of 15-20. Further, the ground state of Si¢ is a prolate
structure and a cagelike isomer is found to be difficult to
stabilize.

The nature of bonding in Si;¢Ti and Si;g can be discussed
by examining the isosurfaces of total charge density and
ELF. We show the isosurface of ELF for the value of 0.55
and 0.70 in Figs. 2(a) and 2(b) for Si;¢Ti, respectively. At
higher values of xg; f, the figure clearly shows localization of
the charge on the hexagonal rings depicting the covalent na-
ture of the bonding. These atoms on the ring are connected to
each other by the shortest bonds (2.37-2.43 A) and are con-
nected to the remaining four Si atoms at a low value of
xeLr= 0.55. The bonding between silicon atoms belonging to
two different shells is metalliclike in the sense that it shows
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FIG. 2. (Color online) The isosurfaces of ELF for Si;¢Ti at
XeLr=0.55 and yg p=0.70 are shown in (a) and (b), respectively.
The ground state geometry and isosurfaces of ELF at yg; p=0.75 for
Si|e are shown in (c) and (d), respectively.

a delocalized charge distribution. This can be contrasted with
the ELF for Si;¢ which is shown in Fig. 2(d) for the value of
xeLp=0.75, along with its GS geometry [shown in Fig. 2(c)].
For this value of g, all atoms are connected via a single
basin indicating that the Si-Si bond is stronger in Si;¢q com-
pared to the one in Si¢Ti.

It is instructive to examine the differences in the first few
shortest bonds in these two clusters. We show the first 30
shortest bonds (Si-Si) for these two systems in Fig. 3. Evi-
dently the effect of the impurity after rearrangement is to
increase the shortest bondlengths by 0.057 A. This weakens
the covalent bonding which is reflected in the ELF, as dis-
cussed above. There are 12 bonds with bond lengths of
~2.6 A in Si;¢Ti that are formed between the atoms belong-
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FIG. 3. (Color online) Comparing the first 30 bondlengths in
Sije and SiTi. Si-Si bonds in Si;¢Ti are weaker than those in Sij.

045117-3



ZORRIASATEIN, JOSHI, AND KANHERE

2.6 T T T T T T T T T

1
o
T

1.8 -

Heat Capacity (C/Cy)

1 L 1 M 1 " 1 " 1 " 1
200 800 1400 2000 2600 3200
Temperature (K)

FIG. 4. (Color online) The heat capacity for Si;¢Ti computed
over the last 120 ps. The peak is at 2250 K.

ing to two different shells. As we shall see, the early diffu-
sive motion begins because of these weaker bonds.

In short, Ti impurity changes the GS geometry of Si;4 to a
cagelike structure and the Si-Si bond is weaker in Si;¢Ti. The
impurity also enhances the HOMO-LUMO gap from 0.7 eV
(for Sij¢) to 2.35 eV (for Sij¢Ti), and binding energy per
atom from 4.62 eV (for Sijg) to 5.00 eV (for Si ¢Ti). As we
shall see, these differences lead to a significantly different
finite temperature behavior of Si;¢Ti.

In Fig. 4 we show the ionic heat capacity of Si;sTi. The
heat capacity displays a broad melting peak at 2250 K char-
acteristic of a finite size system. A careful examination of the
ionic motion and the traditional parameter such as &, re-
veals that the main peak in the heat capacity is related to a
complete breakdown of the Si cage and the escape of Ti atom
from the cage. The &, for Si-Si and Si-Ti bonds, shown in
Fig. 5, brings out some interesting features. The value of &,
for Si-Si bonds is considerably high at lower temperatures
(around 200 K), whereas the value of &, for Si-Ti bonds is
quite low till 1800 K. The higher value of &, for Si atoms
indicates that Si atoms are mobile at low temperatures. A
detailed analysis of the ionic motion reveals that the cluster
undergoes isomerization around temperatures as low as

0-4 Sl-s‘l 1 T 1 1 1
L SiTi —=— 4
0.3 | -
02| .
[Ze)
0.1 \ i
0.0 1 1 1 1 1 1

0 500 1000 1500 2000 2500 3000
Temperature (K)

FIG. 5. (Color online) The &,y for Si-Si bonds (red) and Si-Ti
bonds (blue) are shown. The region between 600 to 1800 K (shown
by arrows for Si-Si bonds) corresponds to the “restricted” liquidlike
behavior of Si cage. The rise in 8, observed after 2000 K (shown
by arrows for the Si-Ti bonds) is associated with the breaking of the
Si cage and diffusion of Ti through out the cluster.
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FIG. 6. (Color online) The MSD calculated for Si atoms for
seven different temperatures.

100 K. The cluster transforms from the GS to the first isomer
and back to the GS which in turn results in a diffusion of at
least 4 atoms. The MSD also support this observation. In
Figs. 6 and 7 the MSD computed for Si atoms and Ti atom at
some relevant temperatures are shown. It can be noted from
Fig. 6 that the MSD for Si atoms saturate around 600 K
indicating that the atoms are diffusing on the spherical shell
around Ti and the cluster is partially melted. On the contrary,
as can be seen from Fig. 7, the Ti atom shows very small
displacement till 2000 K. Although the MSD shows liquid-
like behavior around much lower temperatures (600 K), the
Si atoms are confined to a small shell around Ti (preserving
the spherical shape) until quite high temperatures. Its only at
approximately 2000 K that the Si cage breaks down, giving
rise to a peak in the heat capacity at approximately 2200 K.
That the motion of Si atoms is restricted to a shell is clear
from the examination of the radial distribution function.

In Fig. 8 we show the radial distribution function calcu-
lated from the center of mass (Ti site) for some representa-
tive temperatures. The peak near origin is due to the Ti atom
whereas a single peak around 2.8 A is due to the Si cage.
The width of this peak does not change significantly till
1600 K. A continuous distribution emerges after 2200 K in-
dicating that the Si cage is destroyed and Ti has escaped
from the cage. This change is accompanied by the change of
the shape of the cluster.

25 T T T 1
Ti
2 2600K
15 e
:5 2400K
a
W |
= 1 7]
0.5 ?\.,W/V*W\/V""WWM 2200K
2000K
0 : ; ; 11800K
30 60 90 120

Time (ps)

FIG. 7. (Color online) The MSD calculated for Ti atom for five
different temperatures.
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FIG. 8. (Color online) The radial distribution function calculated
for Siy¢Ti for five different temperatures. The peak near the origin is
due to Ti atom.

In Fig. 9 we show the shape deformation parameter (&)
as a function of temperature. It can be seen that till 2000 K
€4r 18 nearly 1, indicating a spherical shape. The g,/ in-
creases significantly above 2000 K indicating the breakdown
of the Si cage. It turns out that a fragmentation channel
opens up around 2600 K, possibly because of an emergence
of a central Ti atom on the surface. We have observed that
Si;eTi at approximately this temperature fragments into two
parts; the most probable fragments are Si;,Ti+Siy, and
Si;3Ti+Si3. A typical configuration leading to fragmentation
of Sij¢Ti is also shown in Fig. 9.

IV. SUMMARY AND CONCLUSION

This work presents the ground state and finite temperature
properties of Sij¢Ti using density functional molecular dy-
namics simulation. The results clearly show the role of im-
purity in suppressing the fragmentation of Si,s.2> Contrary to
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FIG. 9. (Color online) The deformation parameter is plotted as a
function of temperature. Note the sudden rise in the deformation
parameter after 2000 K. A typical configuration shown occurs at
approximately 2400 K, and indicates a possible path for
fragmentation.

the pure Si clusters, the doped cluster undergoes a solidlike
to liquidlike transition, remaining stable at least up to
2600 K. However, the “melting” occurs in two steps: the first
one is at quite low temperatures (approximately 600 K),
where Si atoms diffuse on the shell, whereas the peak in the
heat capacity (2250 K) is associated with the breaking of the
Si cage and the escape of Ti atom from the cage. It is inter-
esting to note that apart from changing the geometry signifi-
cantly the impurity also changes the nature of the bonding.
Interestingly, the Si-Si covalent bond is weaker in the impu-
rity doped system. The binding energy per atom for Si;¢Ti is
higher by about 0.38 eV. This is a consequence of Ti-Si
interaction.

Although there is insufficient data on the thermodynamics
of clusters with impurities, we expect that whenever impurity
induces a noticeable structural change, the finite temperature
behavior of the cluster will change significantly. The present
calculations demonstrate a possible way of tuning the finite
temperature behavior of cluster using the appropriate dopant.
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