Dielectric Function of (CdSe);; Clusters

observation after Imin of light illumination, while the
lowermost curve is the observation of the clusters after
its leaving for one night with the previous light
illumination of the clusters by 38.5 min. As it is seen
from the comparison of lowermost and its previous
curves, the difference is negligible, It says that
suspension of clusters is rather stable with a time,
however its external perturbation by light source results
in the changes of peak intensities and small blue-shift.

In order to investigate the (CdSe), clusters having
time dependence, we have repeated calculations with the
same cutoff energies for three different supercell sizes:

=16A, 20A and24A,

3. FIRSTPRINCIPLE CALCULATION

We first performed structural optimization by means -

of the ultrasoft-pseudopotential program (VASP) [4] to
obtain the locally stable wurtzite structure as well as the
most stable endohedral cage structure that has already
been done in Refs. [1-3]. The geometries of the
resulting optimized (CdSe),; clusters are shown in Figs.
2(a) and (b), respectively, for the endohedral cage and
wurtzite structures, while the corresponding bulk
geometries before relaxation are shown in Figs. 2(a’)

and (b’). The result for the endohedral cage structure is -

the same as that given in Refs. [1-3].
Note that there is no comresponding bulk geometry for
the endohedral cage structure in Fig. 2(a).
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Fig. 2 Optimized (CdSe),; geometries for the (a)
endohedral cage and (b) wurtzite structures. Left
figures, (2’), (b"), show the corresponding bulk
geometries before relaxation (a cross in (a') means
that the endohedral cage structure has no bulk
counterpart). White and black spheres are Cd and
Se atoms, respectively.

Next we performed the calculation of the dielectric
function for the two clusters shown in Figs. 2(a) and (b).
For this purpose, we used the all-electron mixed basis
approach [5-7], in which each LDA wave function is
expanded in the linear combination of both atomic
orbitals (AO’s) and plane waves (PW’s). We used an

fec lattice with the unit cell size corresponding to the
nearest neighbor distance between clusters being equal
to a. All core and valence AO' are generated by
Herman-Skillman’s atomic code [8] within the
non-overlapping atomic spheres, and the 4 Ry is
assumed for the PW's. The dielectric function is
evaluated within the randorn phase approximaticn (RPA)
via the equation [9]

s(q.w>=l—8—”,22):|(k+qq e Uter ) - A(a.)l
nq F I I

Eprga —Ey — @18

(0
where the summations with respect to the level indices A
and vrun over all levels (here we chose 1,000 levels), &
is the wave vector inside the first Brillouin zone and
denotes £, the Fermi-Dirac distribution function; the
prefactor 2 means the spin multiplicity and  is the
volume of the unit cell,

4. RESULT

Figs. 3(a} and (b) show our results of the dielectric
function for the endohedral cage structure and wurtzite
structure, respectively.
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Fig. 3 Imaginary part of dielectric function of
(CdSe),3 clusters for (a) the endohedral cage and (b) the
wurtzite structures. In the figures, three curves (from
top to bottomn) represent the results for different
supercell sizes, 16 A, 20A and 24 A, respectively.
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If we compare three curves in Figs. 3 (a) and (b), we
find that the effect of the supetcell size is not negligible,
because the peaks of supercell size = 16 A are much
higher than those of supercell size = 24 A, The Jarger the
intercluster distance, the Jower the height of the peaks.
This is mainly because of the factor 1/Q2 in Eq.(1).

The peak positions are, however, not sensitive to the
supercell size. In Fig. 3(a) for the endohedral cage
structure, there are two peaks around 340nm and 360am.
On the other hand, the results for the wurtzite structure
in Fig. 3(b) have the following characteristics:

(1) Two peaks around 300-310nm and 340nm,
(2) Shoulder around 350-360nm.
(3) Long tail in lower energy side.

The shoulder of (2) may correspond to the right side
of the experimental peaks around 350nm of lower curves
in Fig. 1.

5. INTERPRETATION OF EXPERIMENT

Based on the fair agreements between theoretical
calculation and experimental results, the observed
spectra are interpreted as follows:

From the above result, under light illumination the
certain number of clusters having cage like structure
decomposes by a well-known effect of size selective
photoetching. This seems to have a linear character with
respect to the time of light illumination. The more the
time of illumination, the more clusters decompose and a
part of the rest of clusters changes the geometry from
cage structure to wurtzite structure. It effects as well as
to the local arrangement of the organic molecules
surrounding (CdSe);; which changes due to the electric
fields caused by the charged rest of (CdSe),; clusters.
Then, we would imagine that the rest of clusters, solvent
and surfactants molecules gradually rearrange their
positions and structure to stabilize whole system,

The decrease of number of clusters leads to the
increase of effective distance between (CdSe);, clusters,
Then, we could argue that the upper curves observed for
low illumination times correspond to the samples that
have a short intercluster distance and are characteristic
of the endohedral cage structure, while the lower curves
observed for long times illuminations correspond to the
samples which have a large intercluster distance and are
characteristic of wurtzite structure,

6. SUMMARY

In summary, we have optimized two (endohedral cage
and wurtzite) structures of (CdSe);; and calculated their

dielectric response function in the RPA on the basis of
the LDA in density functional theory. We have
compared its imaginary part with the optical absorption
spectra measured experimentally for the (CdSe);
sample dissolved in toluene. We conclude that most of
the created clusters in solution have the endohedral cage
structure. The experimental results show some aging
effect of sample as noted in the optical spectrum. It may
be caused by a change in the geometry of the clusters
from the endohedral cage structure to the wurtzite
structure. For this explanation, our theoretical results are
consistent with the experimental observations. More
experimental investigation, however, is necessary for
sample preparation to discuss further. The calculations
for the larger size cluster, of (CdSe)s; and (CdSe)ss is
now on progress and will be reported in near future.
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Carrying out simplified theoretical simulations using the time-dependent Schrédinger equation on the
basis of the time-dependent density functional theory (for electrons) coupled with the Newtonian
equation of motion (for nuclei), we find that a chemical reaction, Li;+#H,;—2LiH, takes place by the
double excitation from the highest occupied molecular orbital (HOMO} level to the lowest unoccupied
molecular orbital (LUMO) level. Along the reaction path, a level crossing occurs automatically between
the highest occupied and lowest unoccupied levels and the electronic excited state changes smoothly into
the electronic ground state leaving a kinetic energy of the molecules, i.e., a rapid energy transfer from

the electronic excitation to the molecular motion of the order of 10 femto seconds.
Key words: time-dependent Schrodinger equation, spectral method, and & level crossing

1. INTRODUCTION

The electronic excitation opens new reaction channels
of chemical reactions. It is interesting to study the
chemical reactions at electronic excited states, When we
simulate the dynamics on electronic excited states, we
can avoid to use the potential energy surface (PES) [1,2]
which is the most popular approach nowadays. Instead
we can integrate directly the time-dependent Schrddinger
equation (TDSE) within the framework of the
time-dependent density functional (TDDF) theory [3,4].
The merit of doing it is to treat the wavepacket states as
well as the steady states. In this paper we focus on the
chemical reaction induced by double excitation in a
simple system composed of Li; and H; and carry out the
TDSE first-principle molecular dynamics (FPMD)
simulation. In what follows, we present an explicit result
of the dynamical simulation of Li;+H;—2LiH.

2. THEORY
In integrating the TDSE
. d
5 FO)=H()¥{1), (1

with respect to time, we infroduce the spectral method {5].

This spectral method uses the eigenstate ¢(¢) and the
eigenvalue g; of the Hamiltonian H{¢), which satisfies

H(Dp=ergs 2)

Here, H(/) denotes just the electronic part. Since it
depends on time, this eigenvalue problem must be solved
at each time. Therefore, ¢, and &; have also the time
dependence, although it is not expressed explicitly. The
oscillation of the Hamiltonian H(/) may appear for time
which is typically 100-1000 times smaller than the time
step for the atomic motion and continue for a time
interval of the order of a femtosecond. However, when

the electronic states are not far from steady states, the
Hamiltonian would not significantly change in time
inside this transient time interval. We expand the
wavepackets ¥(¢} in terms of the eigenstates ¢ (1) at the
same time,

Y= Zacis(D i (3)

where
ciu()=<gy | ¥{1)>. (4)

Hence, the basic time step Af can be set as large as the
time scale in which the Hamiltonian changes, one may
integrate the TDSE as follows:

Y1+ AN=Z el tyexp(-ie Al)g,. (5)

In real numerical treatments, the sum with respect to
the eigenstates in Eq. (5) is evaluated only over a finite
number of low-lying exited states as well as the ground
state. Those low-lying existed states should include also
the free-electron continuum states above the vacuum
levels. So we use the all-electron mixed basis approach
[6-8] which uses plane waves (PW's) together with
atomic orbitals {AQ's) as basis functions. The all-electron
mixed basis approach enables us to represent correctly
the free-electron continuum states as well as the bound
and resonance states within the all-electron formalism.
For the treatment of exchange-correlation terms, we use
the local-density approximation (LDA). For the
Newtonian equation of motion for nuclei, we use the
forces calculated as a derivative of the total energy, as
formulated by Ho et al. [9]

3. RESULT AND DISCUSSION
We first consider the case of the electronic ground
state, Assuming zero initial velocity, we start the
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TDSE-FPMD simulation. The initial atomnic geometry of
Li; and H, molecules are placed to face each other with a
distance on the order of the bond length with which the
molecules appears in the reaction. Figure 1 shows the
time-evolution of atomic motion. The two molecules, Li,
and Hj;, repel each other with slight interamolecular
vibrations forming two isolated molecules. The trajectory
is essentially the same as that obtained by the usual
Car-Parrinello-type molecular dynamics simulation [4].
The time-evolution of the energy expectation values is
shown in Fig, 2.

Next we consider the case of the doubly excited state
from the highest occupied molecular orbital (HOMO)
level to the lowest unoccupied molecular orbital (LUMO)
level at the same initial geometry. The resulting trajectory
[Fig. 3] is obviously quite different from the previous Fig.
1. This reaction yields two isolated LiH molecules. The
motion of the atoms may be characterized as vibrations
along the Li-H bond and repulsion between the LiH
molecules. The initial H-H and Li-Li bond are broken
very quickly. The balance of the Li-H bond is achieved
near its ground-state bond length. The time-evolution of
the energy expectation values is shown in Fig. 4 for
doubly excited state.
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Fig. 1 The time evolution of atomic motion in the
simulation starting from the ground state. The abscissa
and ordinate represent, respectively, in the X and Y
directions
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Fig. 2 The time-evolution of the energy expectation
values of the valence electrons starting from the ground
state, Level B is the highest ocoupied molecular orbital
level. Level C is the lowest unoccupied molecular orbital
level,
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As seen in Fig. 4, a level crossing occurs between the
highest occupied (C) and lowest unoccupied (B) levels
approximately 10fs after the initial excitation. Since the
present reaction proceeds nearly on the stationary state of
the Hamiltonian at each time, it is possible to give a clear
physical picture of the present reaction. We may consider
only 1s orbital of H and 2s orbital of Li. Then, there are
four possible electron levels, A, B, C and D, regardless of
the spin multiplicity. First, level A has the lowest energy,
representing the fully bonding molecular orbital (MO).
Next, intermediate level B tepresents the bonding Li-Li
and H-H and the anti-bonding Li-H MO, while level C
represents the anti-bonding Li-Li and H-H and the
bonding Li-H MO. Lastly, level D, having the highest
energy, is characterized by the fully anti-bonding MO,
although it is not shown in Figs. 2 and 4 because it
exceeds the upper limit of vertical scale. Obviously there
exists a bonding tendency between the Li and H atoms in
levels A and C, and an anti-bonding tendency between
the Li and H atoms in level B and D. Therefore, in the
simulation starting from the ground state, in which level
B is occupied and level C is empty, the two Li atoms
attract each other and so do the two H atoms, because of
the bonding tendency in the occupied levels A and B. On
the other hand, in the simulation starting from the doubly
excited state, in which level B is empty and level C is
occupied, the Li and H atoms attract each other because
of the bonding tendency in the occupied levels A and C.
In fact, as shown in Fig. 4, levels A and C become closer
to be degenerated and anti-bonding empty level B
becomes higher when the Li and H atoms make bonds.

As & result of these bonding and anti-bonding
tendencies, the level crossing occurs automatically when
new molecules are synthesized. The occupied level C,
which was originally higher than the empty level B, goes
down due to the formation of the Li-H bonds and
becomes lower than the empty level B without interlevel
hopping. And the electronic energy plus potential energy
between nuclei is lowered during this reaction, and the
excess energy is all transferred into the kinetic energy of
the atoms. In the way, the level crossing plays a key role
in the process of the relaxation from the double
excitation,
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Fig. 3 The time evolution of atomic motion in the
simulation starting from the doubly excited state

4. CONCLUSION

In this paper, by integrating the coupled equations of
the TDSE-FPMD numerically with respect to time, we
found a chemical reactions, Liy;tH,—2LiH, in the double
excitation. Along the reaction, a level crossing occurs
between the HOMO and LUMO levels, according to
Fukui's frontier orbital theory and Woodward-Hoffmann
law [10-12]. From the present simulation, we can propose
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a mechanism for relaxation of the reaction by the double
excitation: electronic excited state changes smoothly into
the electronic ground state leaving a kinetic energy of the
atoms,

0 ' 10 20
Time (fs}

Fig. 4 The time-evolution of the energy expectation
values of the valence electrons starting from the doubly
excited state. By the double excitation, the electrons
move from the highest occupied orbital level to the
lowest unoccupied molecular orbital level. Level B is
empty and levels A and C are occupied.
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Ab initio calculations have been performed on adsorption of H,O molecules on Ti-doped silicon clusters
TiSi, using the ultrasoft pseudopotential method within the generalized gradient approximation. Our results
show that for n=13 and larger clusters adsorption of H,O on TiSi, could be difficult due to low binding
energies. All these clusters have cage structures with the metal atom surrounded by the silicon atoms. On the
other hand, smaller clusters with n < 13 have the metal atom partially covered by Si atoms in a basket structure
so that it is available for reaction with a water molecule. This leads to significantly higher binding energies of
a water molecule on such clusters, These results are in excellent agreement with the available experimental
data, which show significant decrease of H,O adsorption on clusters with n>>12.

DOI: 10.1103/PhysRevB.70.193402

Currently, metal (M) encapsulated silicon clusters are at-
tracting much attention!-1# because of their interesting prop-
erties and structures. These could serve as building blocks
for nanomaterials and miniature devices. Cage structures, es-
pecially fullerene, cubic, and Frank-Kasper type have been
predicted for MSi, (n=14-16) by Kumar and Kawazoe!
with their unique characteristics. Subsequently, many theo-
retical studies have been made to determine the properties of
clusters with M=Cr, 2% Fe,!56 and other M atoms.”'? In
addition, large abundances have been obtained for 15 and 16
Si atom clusters with one M atom!"'* and low reactivity of
MSi,;, M=Cr, Mo, W has been obtained with hydrogen.>'2
Recently, adsorption behavior and electron affinities of Ti-
doped clusters have been studied which are important for the
understanding of their stability as well as for their usage.
Kumar et al.'® have studied the ionization potentials and
electron affinities of M @8i,5, M=Ti and Zr clusters. Ohara
et al.' have reported the experimental results of not only the
mass spectra but also the adsorption of H,O molecules on
Si,Ti clusters. These studies could also serve as important
benchmarks to understand the structures of MSi, clusters.

The results of these experiments show that adsorption of
H,O on Ti@8Si, clusters could be found only up to n=12.
For larger clusters, the reaction ratio decreases significantly
and from n=15 onwards it becomes almost zero. Consider-
ing the well known high reactivity of H,O with Ti, the van-
ishingly small adsorption of H;O molecules on TiSi, clusters
with n>> 12 is thought to be due to the encapsulation of Ti by
Si atoms so that Ti atom is not accessible to H,O molecules
for reaction. However, this idea could not explain all the
experimental results a priori. For example,-a hexagonal
prism structure can exist for n=12 similar to the one>'? for
WSi,. As the hexagonal faces are not capped, it is possible
that H,O could interact with Ti by intruding into the rela-
tively open hexagonal rings. If it can, the experiments are not
the proof for the formation of cage structures. Moreover, at
the outset it is not clear if the Si atoms should be weakly
interacting with H,O if a cage is formed. The atomic struc-
tures of smaller clusters with M=Ti have not yet been un-
derstood. In order to understand the interaction of H,O with

1098-0121/2004/70{19)/193402(4)/$22.50

70 193402-1

PACS number(s): 73.22.—f, 71.15.Nc, 61.46.+w

TiSi, clusters, the determination of the structures of TiSi,
clusters in the wide range of sizes under the same calculation
conditions is indispensable. So far theoretical studies are
mostly on a few selected sizes. Therefore, we have first per-
formed calculations for determining the lowest energy struc-
tures of Ti@Si, clusters with n=8-16. Based on these re-
sults, further calculations have been done on adsorption of a
H,0O molecule on TiSi, clusters.

The calculations are performed using the ab initio ultra-
soft pseudopotential method,'™!® within the spm—polanzed
generalized gradient approximation of Perdew and Wang!?
for the exchange-correlation energy. A simple cubic supercell
with size 15 A for n=8-14 and 18 A for other larger clus-
ters is used with periodic boundary conditions. The Brillouin
zone is represented by the I' point. For Si and O we consider
only the outer valence electrons, but for Ti we also included
3p atomic core states as valence states. The structural opti-
mizations have been performed using the conjugate gradient
method such that the residual force on each ion was less than
0.001 eV/A. The total energy has been calculated up to an
accuracy of 0.0001 eV. In order to determine the lowest en-
ergy structures we used several candidates as initial guesses,
Although one cannot still be completely sure of the mini-
mum energy structures, we believe that our results should
represent lowest energy structures. This belief is further sup-
ported by the good agreement with experiments of the ad-
sorption behavior of a water molecule. Here we report the
structures of TiSi, briefly from the point of view of the ad-
sorption of H,Q. A detailed discussion of the low lying struc-
tures and the growth behavior has been given in Ref. 18,
While under the experimental conditions of finite tempera-
tures, there could be more than one isomer present for some
clusters if the energy difference is small and vibrational con-
tribution to entropy as well as zero point energy may affect
the ordering of free energies, we have considered primarily
the lowest energy structures, We believe that our studies
demonstrate sufficiently clearly the main findings of the ex-
periments.

Figure 1 shows the lowest energy structures of TiSi, [(a)-
(1)] and two interesting isomers [(j) and (k)] for TiSi;; and
TiSi;;, respectively. These can be classified into basket and

©2004 The American Physical Society
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FIG. 1. (Color) {a){i) The lowest energy structures of TiSj,
(n=8-16) with {j) and (k) as the local minimum structures for
TiSi» and TiSi,s, respectively. Ti atom is shown by a bigger ball
green).

cage structures. As seen in Fig. !, the most favorable struc-
tures for n=8-12 are basket type. In these clusters the Ti
atom is partially covered with Si and therefore it could inter-
act with H,O. Furthermore, we find that a hexagonal prism
structure is not the lowest energy structure for TiSip,. It pre-
fers a basket-type structure and it is the largest cluster for
Ti@8Si, with the basket structure. Figure 1(j) shows a hex-
agonal prism-like cage structure for n=12, but one Si-Si
bond is quite elongated (not bonded in Fig. 1), with the bond
length of 3.00 A. This can exist as a local minimum with
0.273 eV higher energy as compared to the basket isomer.
The larger atomic radius of Ti as compared to Cr or W could
be a reason for the opening of this hexagonal prism structure
besides the fact that the number of electrons in the case of Ti
is different, and this could also lead to a different structure to
be of the lowest energy. We also calculated a hexagonal anti-
prism structure and it lies 0.680 eV higher in energy. There-

= n=16-() g o,
@ pei2 . IS0 £
P o3
' n=13 neisi) by rel6-Gi) o3,
. @
e 25
n=14 n=15-(iii)
- n=16-(iii) 3

n=11
IR

FIG. 2. (Color) Optimized arrangements of H,O interacting
with TiSi, clusters, For n=15 and 16, three different approaches of
water molecule to the cluster are shown. The nearest bonds between
the H,O and the cluster are shown by dashed lines. The small (big}
balls represent H () atoms in the H,O molecule.
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FIG. 3. Interaction energies {left scale) between TiSi, and H,O
(n=8-16). The atomic arrangements for a=15 and 16 are shown,
respectively, as 15-(i) and 16-(i) in Fig. 2 which have the largest
interaction energy in each size. The right scale shows the binding
energy per atom of TiSi, clusters.

fore, it is also a local minimum isomer. From these results
we conclude that cage structures are not suitable for n=12.
Cage structures are, however, formed for n> 12 (Fig. 1). We
calculated a basket isomer for n=13 [Fig. 1{k)] and it lies
0.878 eV higher in energy than the cage isomer. An interest-
ing point is that n=13 and 14 have open (not capped) hex-
agonal rings so that H,O molecule might intrude into the
clusters to interact with Ti. Thus, the possibility of adsorp-
tion of H>O molecules could not be determined only by these
structures, ‘
As in experiments of H,O adsorption all clusters are posi-
tively charged, we also determined'® the structures of cation
clusters following the results of the neutral clusters. It is
found that the structural differences between the neutral and

_cation clusters are not significant. For n=12 the energy

difference' between the cage and the basket isomers is not
large (0.273 eV) and we also studied cations of both these
isomers. Our calculated energy difference between the cat-
ions is 0.387 eV and the basket isomer remains more stable
than the cage isomer. More details of these studies will be
published separately.’® The calculations of adsorption of
H,O on TiSi, have been performed by initially putting an
H,0 molecule with O facing the Ti atom of the lowest en-
ergy isomer of TiSi, for n=8-12 (basket structures) and in
front of the center of the open hexagonal ring for n=13 and
14 cage isomers. For n=15 and 16 cage isomers there are no
such open sites for the H,O molecule to adsorb. Therefore,

@" %’ '

Total Excess Depletion Total
0.04 (/) 0.01(e/A3) 0.01(e/Ad 0.04(efRY)

FIG. 4. (Color) Electronic-charge density isosurfaces for TiSi,
(n=12 and 13) interacting with H,O. Excess and depletion charges
for TiSi|, are calculated from the difference between the charge of
TiSi, interacting with H,O and the sum of the charges of the iso-
lated TiSi, and H,0.
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TABLE 1. Binding energy (BE) per atom for TiSi, clusters,
optimized distances between Ti and O {dr;.o), and interaction ener-
gies (E) between TiSi, and H,0. The three values for n=15 and 16
correspond to three configurations of H,O. In the case of n=13,
oxygen is nearly equidistant from Si and Ti atoms, but for n
=14~16, the Ti-O bond is quite long and the interaction is actually
with silicon atoms. :

BEfatom Optimized ' E

n (eV) dri0 (A) (eV)
3,798 2.14 1.188

3822 2.16 1.069

10 3.848 2.16 1.076
1 3.921 2.20 1.004
12 3953 2.19 0.989
13 4.001 378 0.169
14 4.021 4,52 0.204
15-(i) 4.077 5.64 0.152
15-(ii) 4.077 5.80 0.137
15-(iii) 4.077 6.03 0.078
16-(1) 4,135 6.26 0.189
16-(ii) 4.135 ‘ 571 0.156
16-(iii) 4.135 5.87 0.156

three directions of approach have been selected for the H,0
molecule. The optimized arrangements and the distances be-
tween Ti and O are shown in Fig. 2 and in Table I, respec-
tively.

In the basket isomers an H,O molecule stays near the
cluster and the distance between Ti and O after the optimi-
zation lies in the range of 2.14 to 2.20 A. In the most im-
portant sizes of r=13 and 14, very weak or no adsorption
could be found in experiments. It is found that in these cases
the H,0 molecule moves away from the cluster and the final
converged Ti-O bond lengths in n=13 and 14 are large (3.78
and 452 A, respectively) and the interaction is more with the
Si atoms. For n=13, the 5i-O bond lengths are in the range
of 3.65-3.71 A, which are nearly equal to the Ti-O bond.
However, the change in the position of Ti atom after adsorp-
tion of H,O is quite small. Therefore, we conclude that in-
teraction of H,0 is predominantly with Si atoms. In the case
of n=14, the bare Ti@8Si, cage structure is quite distorted
and O interacts with one Si atom such that the 5i-O bond
length is shorter (2.93 A). In addition, one H interacts with a
Si atom and the Si-H bond length is 2.61 A. Accordingly in
this case the interaction of H,O is slightly stronger. This
leads to a slight enhancement in the interaction energy. For
Ti@8Si,; and Ti@8Si4 only weak interaction with Si atoms
has been found for all three approaching directions, as ex-
pected. However, after optimization the directions of H;O to
the clusters are not the same. As seen in Fig. 2, for Ti@8i5
we considered two top sites and one bridge site as initial
configurations with, O facing the cluster. In the two cases of
top sites O interacts with the cage atoms [15-(i) and 15-(iii}],
while in the case of the bridge site [15-(ii}], the two H atoms
interact with the Si bridge atoms. The Si-H bond lengths are
2.92 and 3.15 A. The O-Si bond lengths are 2.83 and 3.35 A

PHYSICAL REVIEW B 70, 193402 (2004)

for isomers 15-(i} and 15-(iii), respectively. For Ti@St,¢, O
points to the cluster side when it is on a bridge site (Si-O
bond lengths 3.50 A) joining two Si hexagons [Fig. 2 (16-
jii)] or on a triangle (Si-O bond lengths 3.48-3.58 A) join-
ing three Si hexagons [Fig. 2 (16-ii}]. However, when H;O is
placed on top of a capping atom (of Si hexagons), then H
points towards the cluster, as shown in Fig. 2 (161} with
Si-H bond length of 2.70 A. The Si-H as well as Si-O bond
lengths in these clusters are much longer as compared to the
covalent bond length of about 1.5 A for $i-H and 1.65 A for
8i-O. This different result indicates weak interaction between
H,0 and the clusters. R : .

In order to further quantify the interaction, we estimate
the interaction energy from E(TiSi,)+E(H,0)-E(TiSi,
+H,0). It is given in Table I and Fig. 3. The interaction
energy in the basket isomers (n=8-12) is about 1 eV and
except for n=8, it lies in a quite small range, the decrease
being only 0.080 eV in going from n=9 to n=12. There-
fore, adsorption of H,Q is energetically favorable for n
=8-12, with a smali decrease in the interaction energy as the
size increases. On the other hand, the stability of clusters
becomes better with an increase in size, as can be seen in
Fig. 3. After n=16, there is a decrease in the binding
energy.'® For n=13-16 the interaction energies of H,0 are
less than about 0.20 eV and there is no significant difference
with a change in n. It increases a little from n=13 to n
=14, as also discussed above, and then decreases again. In
experiments, a little adsorption has been found only in n
=13 and 14 and there is also a little increase in going from
1310 14, . S -

From the above, it is therefore clear that our results are in
excellent agreement with reported experiments and show that
H,0 adsorption could occur up to n=12. The experimental
results also show some interesting behavior of the reaction
ratio, which -agrees completely with our calculations. First,
the experimental ratio decreases in going from n=7 to n
=12, with the value changing from 0.8 to 0.4. Besides the
small decrease in the interaction energy that we obtained in
our calculations (Fig. 3), the structure is also likely to play an
important role in adsorption. The most favorable structures
of TiSi, (n=8-12) are basket structures and with the in-
crease in size, Ti atom loses its exposed part more and more,
and finally at n=12, half of Ti is completely surrounded by
Si atoms. Therefore, in such a structure, adsorption sites for
H,0O become more limited so that the reaction ratio could
decrease more significantly. The second interesting point is
that in the experiment n=13 and 14 have still some reaction,
while from n=15 the adsorption ratio is almost zero. As seen
in Fig. 3, the inertness for adsorption is the same in n
=13-16, However, considering the large structural change
between n=12 and 13, the basket isomer for n=13 and 14
could exist even though cage isomer has an energetic advan-
tage. The third interesting aspect is seen in n=14, which has
larger adsorption ratio as compared to n=13. Our calculated
results also show a slight increase in the interaction energy
and this is likely to be responsible for an increase in the
reaction ratio. In addition, n=14 cage isomer has two open
hexagonal rings, while n=13 has one. A similar slight in-
crease of the interaction ratio is seen for n=10 and there is a
corresponding increase in the interaction energy as well.
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n=13-16 clusters also have large highest occupied-lowest
unoccupied molecular orbital gaps (more than 1.4 eV) and
for n=15 and 16, it has values of 1.58 and 2.36 eV, respec-
tively. This is also likely to be the reason for their inertness.

The bonding nature between TiSi, and H,O is important
to understand adsorption behavior of H,O molecules. To
analyze the interaction we have plotted the electronic-charge
density distributions in Fig. 4 for n=12 and 13 as represen-
tative examples of the adsorbing and not-adsorbing clusters,
respectively. For n=12 we have shown the total, excess, and
depletion of charge with the excess and depletion charges
defined as the differences between the interacting system
TiSi,+H,0 and the sum of charges of the isolated TiSi,
cluster and the H,O molecule. From the total charge density
distribution one finds strong covalent-like Si-Si bonds and
some charge accumnulation between Ti and H,O. There is a
small charge transfer from the vicinity of Ti and H ions to the
region between the Ti and O ions. This charge transfer occurs
in quite limited space so that the stability and the atomic
structure of TiSi, cluster is not affected significantly. For »n
=13 we have shown only the total charge density distribution
as the excess and depletion charge distributions are too small
(less than 0.01 e/A%). Therefore, the charge transfer as well
as the interaction between TiSi, cluster and H,0 molecule is
rather weak, as expected.

The above description of interaction of water is corrobo-
rated by the orbital energies shown in Fig. 5. As one can see,
the orbital energies of the TiSi;, cluster get shifted upwards,
while those of H,O molecule shift significantly to higher
binding energies indicating significant covalent bonding be-
tween water and the silicon cluster. On the other hand for
TiSi3, this shift is quite small, supporting the weak interac-
tion. ’

In summary, we have reported ab initio calculations of the
adsorption of a H,O molecule on titanium-doped silicon
clusters of different sizes. The eguilibrium structures and in-
teraction energies have been obtained: It is found that TiSi,
clusters form a cage structure from n=13 onwards so that
H,0 adsorption could occur only up to n=12, for which
basket structures are preferred with Ti partially exposed and
being available for interaction. These results are in excellent
agreement with reported experimental results in which a
little adsorption can be found beyond n=12. The interaction
between TiSi, and H,O is evaluated by the calculation of the
interaction energy. It clearly shows a decrease from n=12 to
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FIG. 5. Electronic levels for TiSi, (n=12 and 13) before and
after interaction with H;0 and the H;O molecule. Broken lines
show the unoccupied levels, The arrows show the position of the
H,0 levels after adsorption.

n=13 and very small interaction energies for n=14-16, sup-
porting their inertness and cage structures, in complete
agreement with experiments.
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Ab initio pseudopotential calculations of the atomic structures and magnetic behavior of Rh, {n<15) clus-
ters using the generalized gradient approximation for the exchange-correlation energy, reveal new lowest
energy structures that are noncompact and have no atom at the center upto n=13, leading to a nonicosahedral
growth. An eight-atom cluster has cubic structure and is magic. Some clusters beyond 13 atoms also do not
have close packed structures due to some covalent character in the bonding. The calculated magnetic moments
are generally lower and in better agreement with experiments than obtained before. Further studies on Ruyy and
Pd, 3 clusters show that the lowest energy isomers of these clusters are also nonicosahedral. These findings of
the novel behavior of technologically important transition metal clusters provide new ground for a better

understanding and design of new catalysts.

DOIL: 10.1103/PhysRevB.70.195413

L. INTRODUCTION

_The occurrence of magnetism in clusters of nonmagnetic
elements!'2 Ru, Rh, and Pd has attracted much attention in
recent years>~® but it is still not well understood. These ele-
ments lie in the periodic table just below the magnetic ele-
ments Fe, Co, and Ni, respectively, whose clusters have been
found® to have enhanced magnetic moments as compared to
bulk due to reduced coordination of atoms and localization
of electrons. Such an enhancement in magnetic moments
also occurs on surfaces!® of magnetic elements where the
coordination of atoms is again lower than in the bulk. The
magnetic moments in these cases lie in between the values

for the atom and the bulk. In clusters also, a large fraction of

atoms lie on the surface and this leads to the development of
magnetic moments in Ru, Rh, and Pd clusters. Earlier
studies>’ on clusters of these elements overestimated the
magnetic moments as compared to the measured values' and
obtained an icosahedral growth. However, here we report the
finding of nonicosahedral growth in Rh clusters. These iso-
mers generally have lower magnetic moments as compared
to those reported before leading to a better agreement with
experiments.

In addition to the fundamental interest in magnetism and
bonding nature as well as their correlation with the atomic
structures of nanoclusters, Rh clusters are important for
catalysis!! and it is necessary to know the atomic structures
and magnetic properties properly to understand their role in
reactions. Experiments! in the temperature range of
60-300 K suggest Rh, clusters to be magnetic upto about
n=060 with a value of 0.48+0.13u5/atom for Rhy;. Ab initio
calculations have been done mostly on clusters having upto
about 13 atoms. Studies using a tight binding model® on
clusters with # upto about 200 also showed icosahedral iso-
mers to be lowest in energy. A spin-polarized density func-
tional study** of Ru, Rh, and Pd clusters having upto
147 atoms showed large magnetic moments on small clusters
and icosahedral growth to be lowest in energy. For Ru and
Rh the magnetic moments were found to decrease much

1098-0121/2004/70{19)/195413(7)/$22.50
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faster as compared to Pd with an increase in the cluster size.
The magnetic moment on Rh; in an icosahedral structure
has been calculated to be 1.62 and 1.15up/atom, respec-
tively, by Reddy et al.’ and Reddy et al.5 Jinlong et al.7 also
obtained 1545 magnetic moment on Rhy; using the discrete
variational method while Kumar and Kawazoe* obtained
21up magnetic moment on this cluster. However, it was
shown* that isomers with lower magnetic moments such as
the one with 15up lie only about 0.04 eV higher in energy
and therefore lower magnetic moment isomers are expected
to be present in experimental conditions. These results gen-
erally show that the calculated values are significantly higher
than those obtained from experiments. Reddy et al,® ob-
tained structures using a parametrized model potential with-
out spin polarization. The resulting structures were reopti-
mized using density functional calculations. Guirado-Lopez
et al.® kept the symmetry of the clusters fixed. Qur ab initio
calculations surprisingly reveal noncompact and nonicosahe-
dral structures to be energetically more favorable opening a
new possibility in the understanding of this important class
of clusters. A non-icosahedral growth has also been
obtained!? for Nb clusters. Therefore, we performed further
checks on the structures of Ru;y and Pdy4 clusters. Interest-
ingly we find an icosahedron for Ru;y to be much higher in
energy as compared to the non-compact structure while for
Pd;; the noncompact structure is lower in energy but it is
nearly degenerate with an icosahedron.

II. METHOD

The calculations have been performed using the ab initio
ultrasoft pseudopotential plane wave method.t*!4 The cutoff
energy for the plane wave expansion is taken to be 205.5,
203.6, and 199 eV for Rh, Ru and Pd, respectively. The gen-
eralized gradient approximation (GGA)'® with spin polariza-
tion has been used for the exchange-correlation energy and
the I point, for the Brillouin zone integrations. Several struc-
tures have been fully optimized using the conjugate gradient
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method such that the force on each ion became less than
0.005 eV/A. The energy is converged to an accuracy of
0.0001 eV. In most cases the low lying isomers are further
checked for different spin-isomers using a constraint on the
net magnetic moment and the reoptimization of the atomic
structure. The binding energy (BE) of Rh; is calculated to be
2.04 eV/atom with the bond length of 2.20 A. The magnetic
moment reduces to 2z/atom from the atomic value of 3pug.
There is a large scatter in the available theoretical values for
a dimer. We compare our results with those obtained by us-
ing GGA. Our BE (bond length) is slightly higher (shorter)
as compared to 1.88 eV/atom (2.34 A) obtained® by using
DMOL and GGA. Also our BE is higher than the experimen-
tal value!® of 1.46 eV/atom but the bond length is in better
agreement with the experimental value of 2.28 A. The bulk
cohesive energy and lattice constant for Rh are calculated to
be 6.06 eV/atom and 3.83 A that are in good agreement with
the experimental values of 5.75 eV/atom and 3.80 A, re-
spectively. Therefore, we expect a better prediction of the
BEs of clusters with increasing size but an overall slight
overestimation.

IIL. RESULTS
A. Structures

The low lying isomers of Rh, clusters with n=4-12 are
shown in Fig. 1. The BEs, magnetic moments, and mean
nearest neighbor bond lengths of the lowest energy isomers
are given in Table L. Earlier studies®’ have reported a tetra-
hedral structure for Rh, with 4445 magnetic moment. This is
nearly degenerate with a nonmagnetic tetrahedral isomer. We
find a bent (nearly 90°) rhombus (side 2.41 A, angles 71.9°
and 70.4°, and diagonals 2.78 and 2.83 A) to be lowest in
energy with 6uz magnetic moment while a square (side
2.33 A) lies 0.15 eV higher in energy with 4up magnetic
moment. A tetrahedron (side 2.45 A) lies 0.19 eV higher in
energy and is nonmagnetic. This is the first result for transi-
tion metal clusters that an open structure has lowest energy.
For Rhs;, we obtain a square pyramidal structure (bond
lengths 2.42 A in the base and 2.54 A from vertex to base)
with 5ug magnetic moment to be 0.31 ¢V lower in energy
than a trigonal bipyramid (bond lengths 2.65 A in the base
and 2.50% from vertex to base) that has 7up magnetic mo-
ment. A similar result was obtained earlier.® For Rhy a
slightly distorted prism with mirror symmetry (bond length
varying between 2.36 to 2.47 A with the mean value of
243 A) and an octahedron (bond length varying from
2.50 to 2.66 A with the mean value of 2.54 A) each with
6up magnetic moment are nearly degenerate while a bi-
capped tetrahedral structure lies 0.31 eV higher in energy
with 105 magnetic moment. A nonmagnetic octahedral iso-
mer lies only 0.05 eV higher in energy than the 645 isomer
and therefore in this octahedral isomer the magnetic behavior
is very weak and can be easily destroyed even at quite low
temperatures. However, the nonmagnetic prism isomer lies
0.22 eV higher in energy and therefore it is unlikely to be
observed at room temperature. An isomer with the capping
of the lowest energy Rhs pyramid structure lies 0.55 eV
higher in energy with 4.3 magnetic moment. We also calcu-
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FIG. 1. Atomic structures of Rh,, clusters with n=4-12. Isomer
{a) has the lowest evergy which is taken as reference. The relative
energies (eV) of other isomers are given below each structure along
with the magnetic moment in the unit of zg. The structure of 12a
has six atoms in each layer. There is one atom in the center of the
upper layer to which two side atoms are connected. The front atom
in this layer is connected with two atoms in the lower layer. The
latter also has one atom behind the central atom. The smaller the
size of the ball, the deeper is the position.

lated a planar triangular structure and a hexagon. These lie
2.08 and 3.38 eV higher in energy with 8 and Oug magnetic
moments, respectively than the lowest energy isomer. There-
fore, these low dimensional structures lie significantly higher
in energy for n==6. Earlier an octahedral structure was ob-
tained for this cluster. However, our finding of the prism
structure is important as for Rh; also we find a square capped
prism structure with 11up magnetic moment to be 0.12 eV
lower in energy than a pentagonal bipyramid (13u3) ob-
tained before.57 An isomer in which a triangular face of the
prism is capped lies 0.48 eV higher in energy with 7 ;g mag-
netic moment.

Another surprising finding is that Rhg has a perfect cubic
structure with 2.40 A side and 12, magnetic moment. The
bond length is quite short and it reflects the strong covalent
bonding in this cluster. It lies about 1 eV lower in energy
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TABLE L. The binding energy (BE), magnetic moment (M}, and
mean nearest neighbor bond lengths {d) in the lowest energy iso-
mers of Rh clusters.

n Structure BE (eViatom} M (ng) d(A)
4 Bent thombus 312 6 2.41
5 Square pyramid 3.40 5 248
6 Prism 357 6 243
7 Capped prism 371 11 2.50
8 Cube 3.96 12 2.40
9 Capped cube 397 13 2.47
10 Bicapped tetra- 4.02 14 2.56
gonal antiprism
1 Fused penta- 4.06 15 2.57
gonal pyramids
12 Bilayers 4.12 12 2.55
13 Cage 4.16 17 257
14 capped hexago- 423 16 2.55
nal prism-like
15 Hexagonal 426 19 2.62

than many other isomers [8(b)-8(¢e) in Fig. 1] such as two
prisms fused on a square face, a bicapped prism, a D5, type
structure, and a capped pentagonal bipyramid that are 1.07,
1.16, 1.23, and 1.30 eV higher in energy with 10, 14, 10, and
12u5 magnetic moments, respectively. As we shall show
later, this cluster shows magic behavior. Among transition
metal clusters, eight-atom cluster of Nb has also been
found!? to be magic but the lowest energy structure of Nby is
a bicapped octahedron. These results indicate that the close
packed structures of Rh clusters are not of the lowest energy
and the growth behavior in this size range does not follow
the partial icosahedral structure route. In fact the capped pen-
tagonal bipyramid structure lies highest in energy among
these isomers. Furthermore a tetrahedron with four faces
capped and a hexagonal bipyramid of Rhy lie 2.09 and
292 eV higher in energy with 12 and Oup magnetic mo-
ments, respectively.

The above growth behavior is continued further and Rhg
is a capping of cubic Rhy with 135 magnetic moments. It is
quite different from a bicapped pentagonal bipyramid ob-
tained earlier.® We obtain a capped tetragonal antiprism (9c)
to be 0.27 eV higher in energy. It has 154z magnetic mo-
ment, This can also be considered as a pentagonal prism
capped with a triangle on one side. A capped tetragonal
prism type isomer (9d) lies 0.68 eV higher in energy and is
unlikely to be present in experiments. We also obtained a
tricapped prism (9b) which is 0.26 eV higher in energy and
has 13up magnetic moments. Therefore, our results are the
lowest spin isomers. However, for Rhjy, our result of bi-
capped tetragonal antiprism (10a) (14u,; magnetic moments)
is the same as obtained before.” A bicapped distorted hexago-
nal biprism lies 0.30 eV higher in energy with 164, mag-
netic moments whereas a bicapped (opposite faces) cube and
two interconnected pentagonal bipyramids lie significantly
higher (0.95 and 1.19 eV) in energy with 10 and 12u5 mag-
netic moments, respectively. Several different cappings of a
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FIG. 2. The same as in Fig. 1 but for n=13-15.

pentagonal bipyramid were also optimized and these lie
0.5 eV or higher in energy, supporting the non-icosahedral
growth in these clusters.

The lowest energy isomer of Rhy; (11a) can be viewed as
two capped pentagons joined by an atom. It has 15u; mag-
netic moments. Another low lying isomer (11b) can be
viewed as capped two layers of five atoms each (five atoms
in a triangular packing in one layer and a pentagon in an-
other). It lies only 0.10 eV higher in energy and has 17u,
magnetic moments. It is likely to be present in experiments,
This structure is a precursor to the lowest energy structures
of Rh;, and Rh;;. There is no atom at the center. Similarly
for n=12, a two layer structure (12a) has the lowest energy.
It has mirror symmetry and 12x4p magnetic moments. In-
creasing or decreasing the magnetic moments of this cluster
by 25 makes only a small change in energy of about 0.1 eV
and therefore, the magnetic moments can be easily affected
by temperature. There are slightly different isomers. One is
shown in Fig. 1 (12b) and it lies only 0.13 eV higher in
energy and should also be present in experiments. It also has
a mirror symmetry with the magnetic moments of 16 5. So
in this case, it can be possible that there is an increase in the
magnetic moments with an increase in temperature.

The most important result is obtained for Rh,;. Earlier an
icosahedron has been reported to be lowest in energy.*~7, We
carried out optimizations for icosahedron, cuboctahedron,
decahedron, and capped cubic structures as well as several
other isomers. A few low lying isomers are shown in Fig. 2.
Surprisingly a cage structure {13a) with 17uz magnetic mo-
ment and no atom at the center is 0.30 eV lower in energy
than an icosahedron (13€} with 21up magnetic moment as
obtained before.” (An icosahedral isomer with 17ug mag-
netic moment is only about 0.01 eV higher in energy and is
almost degenerate.} It has a pentagon (in the middle), a
rhombus on one side, and a near square on the other. These
results indicate that in general, Rh clusters prefer relatively
open structures. Several other atomic and spin isomers lie
close in energy. This will also lead, in general, to spin iso-
mers with lower magnetic moments to be present in experi-
ments. There is an isomer (with mirror symmetry) (13b)
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which is only 0.04 eV higher in energy and has 11uxg mag-
netic moments. This will be also abundant in experimental
conditions and will give rise to an average lower magnetic
moment on this cluster and therefore a better agreement with
the experimental! value of 0.48+0.13ug/atom. This is in
contrast to the value of 1.62up/atom obtained by Reddy et
al.® using the local density functional theory while Jinlong ef
al. as well as Reddy et al% obtained 1.15uz/atom for this
cluster, As we shall show later, there is some directionality in
bonding in isomer (13b). This is also seen from the fact that
a nearly hexagonal prism isomer with an atom at the center
lies 0.44 eV higher in energy with 15 magnetic moment
than isomer (13b). The latter is important as Rh,, is obtained
from it. We also show two more isomers {13c and 13d) that
are 0.08 eV [with 1545 magnetic moments and somewhat
similar to (13a)] and 0.17 eV (decahedral with 17up mag-
netic moment) higher in energy than the isomer (13a). Many
other isomers were also studied but these are higher in en-
ergy.

A few optimized structures for Rh;4 are shown in Fig. 2.
The lowest energy isomer of Rh,4 is obtained from isomer
{13b) by capping a hexagonal face. It has 16up magnetic
moments. A hexagonal anti-prism with each hexagon having
an atom at the center (14b) is nearly degenerate with 1645
magnetic moments. In this case there is no atom at the center.
Another isomer with three-fold symmetry and no atom at the
center (14c) lies 0.52 eV higher in energy with 18,45 mag-
netic moments. A capped icosahedron (14d) lies 0.62 eV
higher in energy, again showing that icosahedral growth is
not favored. A cubic isomer with capping of the six faces lies
0.52 eV higher in energy and has 18 magnetic moments.
The lowest energy structure of Rhys is derived from the low-
est energy isomer of Rhya. It has an atom at the center of a
bent hexagon with a tetramer on either side and 19uz mag-

netic moments. There are several other isomers that have -

lower or equal magnetic moments and which will be present
in experiments below room temperature and give rise to a
lower estimation of the magnetic moments on this cluster.
Two such isomers are shown in Fig. 2. The isomer (15b) is
derived from (14a) with both hexagonal (the six atoms are
not in a plane) faces capped while (15¢) has two layers with
no atom at the center. These results show that relatively open
(noncompact structures) are more favored by Rh clusters.
Some of the properties of the lowest energy isomers of
n=13-15 clusters are given in Table 1.

In general we find an abundance of rhombii in the lowest
energy structures of Rh clusters. Starting from Rh,, one can
consider the growth process to follow from addition of an
atom to an existing cluster with significant relaxations. This
way one can account for the growth upto n=10. Rh;; can be
considered to be a symmetrical capping by two atoms on a
Rhy cluster having a capped tetragonal antiprism structure.
However, the capped tetragonal antiprism isomer of Rhg lies
significantly higher in energy. So the growth process can be
quite complex and in the cases where more than one isomer
are nearly degenerate, there could be different routes for the
growth of these clusters.

B. Cagelike structure

The result that icosahedron is not of the lowest energy for
Rhy, and that a refatively open cage structure has lower en-
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FIG. 3. Binding energies, magnetic moments, and HOMO-
LUMO gaps of Rh,, clusters are plotted in the left panel. A plus (+)
shows the magnetic moment of the isomer (13b) which gives a
much better agreement with the overall trend found in experimental
results which are shown by crosses with error bars. Inset shows the
mean nearest neighbor bond lengths. The energies of the spin iso-
mers are shown for n=7, 8, 12, and 13 in the right panel. § equals
half the value of the total magnetic moment. Circles, triangles,
squares, reverse triangles, and diamonds represent, respectively, the
isomers (a)<e) in Figs. 1 and 2.

ergy is significant in understanding the growth behavior of
transition metal clusters. In fact non-icosahedral growth was
also reported earlier'? for Nb clusters. In order to check if a
similar behavior would be found in clusters of Pd and Ru
that are neighboring elements to Rh in the periodic table, we
performed calculations for Pd;; and Ruy. It is found that in
these cases also an icosahedron is not of the lowest energy.
For Ru the second best isomer {13b) of Rh;; has the lowest
energy with 41, magnetic moments while the one with the
structure of the best isomer (13a) of Rhy; lies 1.56 eV higher
in energy with 25 magnetic moments. Changing the spin in
these isomers costs little energy (see Fig. 3 for Rh clusters)
and therefore the magnetic moments can be easily supressed
in these clusters. The icosahedral isomer lies 2.25 eV higher
in energy and has a large magnetic moment of 12uz. There-
fore icosahedral structure is very unfavorable for Ru and our
results explain the nearly nonmagnetic behavior found in
these clusters in experiments.! For Pd,5 the best structure of
Rh,5 also has the lowest energy with 8 up magnetic moments
but an icosahedral isomer reported earlier’ lies only 0.05 eV
higher in energy with 8z magnetic moment. Therefore for
Pd,; these two isomers are nearly degenerate. The bonding in
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Pd clusters is much weaker as delccalization of 44 electrons
occurs slowly and this could explain why icosahedral struc-
ture becomes more favorable in Pd. The lowest energy iso-
mer of Ru; [(13b) in Fig. 2] lies 0.81 eV higher in energy
for Pd and has 6pp magnetic moments. Therefore, the be-
haviors of Pd and Ru clusters are quite different. A decahe-
dron of Pd ;5 lies 0.34 eV higher in energy and has 8z mag-
netic moments. These results show that Pd;; has the same
magnetic moments in quite different structures.

C. Calculated properties

The BE is shown in Fig. 3 for the lowest energy isomers
of Rh clusters, It increases monotonically as the cluster size
increases and has a small peak at n=8. Interestingly there is
also a significant highest occupied-lowest unoccupied mo-
~ lecular orbital (HOMO-LUMOQ) gap for Rhy making it be-

have like a magic cluster. In most of the other clusters the
HOMO-LUMO gap is generally small and shows an oscilla-
tory behavior. There is an overall decrease with an increase
in size. This is expected as bulk Rh is a metal. The magnetic
moments per Rh atom (Fig. 3) show an oscillatory behavior
as a function of the cluster size but overall there is a decreas-
ing trend as the bulk is nonmagnetic. The magnetic moment
is nearly constant in the range of n=7-11 and for n=12
there is a significant drop. These results agree well with the
experimenta! data® that show 0.8+0.2u5/atom magnetic mo-
ment for n=9-11 and then 0.59+0.12ug/atom for n=12.
Also our result of 0.85uz/atom magnetic moment for the
isomer (13b) agrees well with an experimental decrease in
the magnetic moment from n=12 to 13 and then for n=14
and 15, there is an increase in the magnetic moment again in

agreement with the trend found in experiments (experimetal

values being 0.50£0.12 and 0.71+£0.0%9up/atom for n=14
and 15, respectively). The overall good agreement with the
experimetal results gives us confidence that our calculated
lowest energy structures are close to the experimental find-
ings. The experimetal values of the magnetic moments are
nearly uniformly lower and this could be due to the fact that
theoretical resuits are at zero temperature while experimental
results correspond to temperatures in the range of 60-300 K.
We have also shown the variation in the energy of the spin
isomers considering the cases of clusters with n=7, 8, 12,
and 13. This is generally small as the total spin is changed to
a lower value while the energy decreases more sharply for
higher spin isomers. As mentioned before, this could account
for the observed lower magnetic moments because isomers
with lower magnetic moments would also be present. Our
finding of a new isomer of n=13 is particularly noteworthy
and this could explain the much lower magnetic moments
observed for Rhys.

It is worth to point out here that in our studies we have
ignored orbital contribution to the magnetic moments. In re-
cent years there are efforts!’ to include the orbital contribu-
tion as well as the magnetic anisotropy in clusters. The or-
bital contribution would increase the total magnetic moment
and therefore would lead to a larger difference with the ex-
perimental results. Guirado-Lopez et al.'® have calculated
the orbital magnetic moments for Rh clusters using a self-
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consistent tight-binding method and representative face cen-
ter cubic structures with bulk nearest neighbor bond lengths.
The average orbital magnetic moments have been reported to
lie in the range of 0.1-0.24ug/atom for n=19 with strong
oscillations as a function of n. The orbital contribution to the
magnetic moments is expected to be sensitive to the struc-
tures of clusters and as our results show, the structures of Rh
clusters are generally very different from the high symmetry
structures considered by these authors. We shall expect that
the significantly lower symmetry in most cases of Rh clusters
would lead to a reduced contribution from orbital magnetic
moments. Further, in order to find a correlation between the
magnetic moments and the bond lengths or the coordination
number, we calculated the local magnetic moments around
each ion for a few clusters. However, we do not find a sys-
tematic trend. In general a higher coordination or a short
bond length reduces magnetic moments due to the increased
hybridization, This can be seen from the lowest energy iso-
mer of Rhg. In this isomer there is one bond which is shortest
(2.36 A) and the local magnetic moments on the two atoms
are the smallest (=~0.8,45} while on the remaining atoms the
magnetic moments are = 1.1up. In this case the coordination
of each atom is 3 and therefore the short bond is responsible
for the reduced moment. However, in the case of the lowest
energy isomer of Rhy;, an atom with coordination 7 has mag-
netic moments of 0.97 up, whereas the other two atoms with
coordination 7 have 1.45 and 1.17up magnetic moments,
Therefore, there does not appear to be a straightforward cor-
relation with the coordination number. Similarly in the case
of the lowest energy isomer of Rhy;, most of the atoms have
coordination 5 and two atoms have coordination 4 while one
atom has coordination 6. In this case the local magnetic mo-
ments have values lying in between 1.22 and 1.59u5. Atoms
with coordination 4 are symmeirically located and have
1.22 5 magnetic moments while two symmetrically placed
atoms with coordination 5 have the highest local magnetic
moments of 1.59uz. An atom with coordination 6 has the
local magnetic moments of 1.44 4. Further calculations on
Rh,, show that an atom with coordination 3 has the highest
magnetic moment of 1.39uz. For this atom the nearest neigh-
bor bond lengths have values of about 2.61, 2.61, and 2.65 A
while a few other atoms with coordination ranging from 3 to
5 have reduced local magnetic moments of about 1.02pp due
to the short nearest neighbor bonds of about 2.44 A. The
atom with the highest coordination of 8 has the local mag-
netic moment of 1.08. We also studied the local moments
in the case of the Jowest energy isomer of Rh,s. Two sym-
metrically placed atoms with coordination 6 have the lowest
local magnetic moments of 0.98u; while the atom at the
center with coordination 8 has the local magnetic moments
of 1.0545. On other atoms the local magnetic moments lie in
the range of 1.23-1.41up though the coordination changes
from 3 to 5. These results show the complex nature of the
magnetic moments in these clusters, though in all cases we
obtain ferrcmagnetic coupling.

The calculated mean bond lengths for Rh clusters are
shown in the inset of Fig. 3 and the values are also given in
Table 1. For small clusters there is significant contraction and
the bond length approaches towards the calculated bulk
value (2.71 A) in an oscillatory manner. ‘Rhy has short bond
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FIG. 4. (Color online) Spin-polarization (upper) and isosurfaces
(lower) of the total charge density for isomers (8a), (13a), {13b),
and (13¢).

lengths which have the lowest value after n=2. Also in some
clusters such as isomer (13b), there are many short bonds
[bond lengths 2.39, 2.41, 2.44, 2.46 A as compared to the
mean bond length of 2.57 A in isomer (13a)] which indicate
directional bonding and covalent character in these clusters,
We also calculated the mean coordination in these clusters
and for the lowest energy isomers of Rh, with n=4-15, the
values are 2, 3.2, 3, 3.71, 3, 3.56, 4.8, 4.91, 4.67, 4.92, 4.14,
and 4.67. Some clusters have low mean coordination such as
n=8 and 14. Also the second lowest energy isomer of
n=13 has the mean coordination of 3.69. These reflect cova-
lent character of bonding in these clusters. It is more clearly
seen from the isosurfaces of the magnetic polarization and
the charge densities shown in Fig. 4 for a few selected iso-
mers of Rh;y and the lowest energy isomer of Rhg. In the
case of isomers (13a) and {13e) the polarization is nearly
uniformly distributed over the whole cluster, while in the
case of the isomer (13b) the central atom and four atoms at

the surface of the cluster have much less polarization than

the rest of the atoms. These atoms have higher coordination.
The bond lengths are short {2.51 A) with four symmetic at-
oms and 2.58 A with two atoms from the center) but not the
shortest. The central atom has the highest coordination and
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the lowest polarization. So a higher coordination reduces the
magnetic moments significantly but short bond lengths are
also responsible for much reduced magnetic moments in this
cluster. This leads to much more hybridization between the
sp-d states which is also seen from the plots of the angular
momentum decomposed density of states (Fig. 3). Also for
the isomers (13a) and (13e¢) the charge densities are more
uniformly distributed [though isomer (13a) appears to have
some covalent character] while for isomer (13b), the cova-
lent character is quite clear. In Rhy the charge density and
polarization are symmetric reflecting the underlying symme-
try of the cluster, but the directional bonding does not appear
to be very strong. These results are important revelations of
the nature of bonding and unexpected relatively open struc-
tures in clusters of these transition metals. The angular mo-
mentum decomposed and gaussian broadened densities of
states show (Fig. 5) that the sp-d hybridization in the case of
the isomer (13b) is more significant than in isomer (13a).
Also the HOMO lies in a large gap in the up-spin states of
the isomer (13a)} though the other states are generally uni-
formly distributed due to the low symmetry of this cluster.
On the other hand for the isomer (13b) the HOMO lies in a
very small gap and there are many unoccupied states in the
up-spin energy spectrum.

IV. SUMMARY

We have studied from first principles the atomic and elec-
tronic structures of srmall Rh clusters and found for the first
time relatively open structures to be lower in energy than the
icosahedral structures obtained before. In general these iso-
mers have lower magnetic moments and this result is in bet-
ter agreement with the available experimental data. In par-
ticular clusters with 13 or less number of atoms have no
atorn at the center. Though an atom goes at the center for
clusters having more than 13 atoms, the structures are not the
closest packed. We find an isomer of 13-atom cluster which
is nearly degenerate with the lowest energy isomer and has a
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significantly lower magnetic moment. The latter is in better
agreement with the experimental result. In general we find
several isomers which lie close in energy and therefore, it is
very likely that in experiments one has these isomers unless
these are performed at very low temperatures. QOur results
also show that there is some covalent bonding character in
these clusters that is responsible for the relatively open struc-
tures. Rhg is found to be magic. Further, our preliminary
studies on Ru and Pd clusters show that similar structures are
lower in energy for Ru clusters than those based on the
icosahedral growth while for Pd clusters, the two growth
modes may be nearly degenerate. Our results thus open a

PHYSICAL REVIEW B 70, 195413 {2004)

new chapter in the study of this important class of transition
metal clusters. This would lead to a better understanding of
the physicochemical properties of these clusters and reac-
tions and to a better design of catalysts.
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ABSTRACT

Ten atom clusters of X = Si, Ge, Sn, and Pb are known to be magic, suggesting that addition of an atom to such clusters is generally
unfavorable. However, here we report using an ab initio ultrasoft pseudopotential method that these clusters can be further stabilized by
doping of a Ni or Pt atom, leading to some of the smallest metal encapsulated clusters of these elements. For Si and Ge, doping of Ni Is
optimal while for $n and Pb, Pt is the best. Qur results agree with the recent observations of strong abundances and magic nature of X;,Co~
clusters of these elements. These findings could lead to the development of novel cluster-based nanomatetials for optoelectronic and other

nanoscale applications.

Clusters of semiconducting materials are currently of great
interest as these have an important role to play not only in
the miniaturization of devices but also in the fundamental
understanding of materials at the nanoscale. Clusters with
novel properties such as enhanced stability by suitable
doping, tunable gaps, and magnetic properties could lead to
novel nanoscale optoelectronic as wel! as miniature spintronic
and storage devices. The recent findings'™® of metal (M)
encapsulated clusters of Si and Ge have generated much
interest in this field and could lead to new possibilities of
Si- and Ge-based nanomaterials. The M encapsulated clusters
can be very symmetric with much higher band gaps that lie
in the visible region in some cases.” These propertics may
extend their usage in photonics that could be combined with
electronics to lead to new optoelectronic devices. It has been
further shown that these clusters could be assembled to form
nanotubes®~!0 of Si and Ge with novel magnetic properties
such as high magnetic moments and piezomagnetic effect'!
at the nanoscale. Following these findings, there is a growing
interest'2=' in the field of M encapsulated clusters and their
nanotubes'® in order to explore their properties as well as
new possibilities both theoretically and experimentally.
Recently, anion binary clusters of Co/Ge, Co/Sn, and Co/
Pb have been produced by laser ablation with high
abundance of X;gM™ clusters followed by a minimum for
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X1 M~ There is an extraordinary peak in the mass distribu-
tion for Ge;0Co™. The ground state of these clusters is
predicted™ to be a bicapped tetragonal antiprism. However,
why these clusters exhibit magic behavior with such a large
abundance is not understood. Here we explain the unusual
stability of these charged clusters and explore several binary
combinations to predict new magic clusters of Si, Ge, Sn,
and Pb with 10 atoms doped with Ni, Pd, or Pt. These are
the smallest caged clusters of these elements doped with a
transition (T) M atom. Si and Ge clusters are important for
semiconductor devices while Sn and Pb are useful for
soldering. Doping of M atoms provides a nice way to
manipulate their properties at the nanoscale.

In GeoCo anions Co atom can be replaced by the next
element, namely Ni to obtain neutral clusters. As the size of
the M atom plays an important role’=3 in the stability and
structures of M encapsulated Si or Ge clusters, we explore
the optimal combinations among the TM and group-14
elements in order to find the most stable clusters. Sig, Geo,
Snyg, and Pbyy are known to be magic with high abun-
dances'™" and have compact structures® unlike the relatively
open bulk diamond structure of 8i, Ge, and Sn. All these
clusters also have large highest occupied—lowest unoccupied
molecular orbital (HOMO—-LUMO) gaps (Table 1) that
decrease in going from Si to Pb. Therefore, it would appear
difficult to transform such magic clusters into other magic
clusters by doping of an atom, as by definition of magic
clusters, addition of one more atom of the constituent is less
favorable. However, it is possible that a different isomer of
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Table 1. Binding Energies (BEs) and HOMO-LUMO Gaps of
the Lowest Energy Isomers of X g and M Doped Clusters

BE (HOMO-LUMO gap) (V)
X X0 Ni Pd Pt

Si 3.85(2.09) 3.95(1.94) 381(L700 3.94(129)
Ge  3.35(1.94) 3.55(1.66) 3.34(146) 3.52(1.54)
Sn 291(1.54) 3.15(L24) 3.06(L17)  3.24(1.30)
Pb  2.69(090) 292(0.84) 2.86(0.95) 3.04(1.06)

the same cluster gets stabilized by doping. Recently, doping
of §i, Ge, and Sn clusters with divalent M atoms was shown?!
to lead to such a behavior. In particular, Be doping enhances
significantly the stability of the elemental magic clusters of
these elements in a different structure and also changes some
nonmagic clusters into magic ones. From the point of view
of usage, Be is not favored because of its toxic nature. On
the other hand, TM atoms are particularly important? for the
stability of M encapsulated Si and Ge clusters. Therefore,
the finding of large abundances of X,yCo™ is significant. It
is possible that the d level of the M atom is fully occupied
and it behaves like the closed shell divalent M atoms.
Therefore, the magic nature of the X cluster can be retained
if the HOMO—LUMO gap remains significant.

GeyCo™ has been shown'® to have a large HOMO—
LUMO gap, while we find that the neutral Ge;sCo cluster
has a significantly reduced gap of 0.23 eV only. For the
stability of the neutral clusters it is important that these have
large HOMO—LUMO gaps. The exceptional stability of
GeoCo™ and large HOMO-—~LUMO gap therefore arise due
to the charged nature of these clusters, Tt is also noteworthy
that cation Ge(Co does not show high abundance. For
neutral clusters, we choose Ni as it has 10 valence electrons
in 3d°4s' configuration. In the doped cluster, it is possible
that the 4s electron is transferred to the 3d level. If so, it is
further important to find the optimal combination of TM
atom in the same column and the group 14 elements.

The optimizations have been performed using an ab initio
ultrasoft pseudopotential plane wave method? and the
conjugate gradient technique with the generalized gradient
approximation (GGA) for the exchange-correlation energy.
The cutoff energy for the plane wave expansion is taken to
be 17.76, 14.63, and 14,07 Ry for Ni, Pd, and Pt doped
clusters, respectively. The Brillouin zone is represented by
the T'-point. The structures are considered to be converged
when the force on each ion becomes 0.01 eV/A or less. We
consider a few initial structures such as the one with the M
atom at the center of a tetracapped trigonal prism (TTP)
(lowest energy structure®® for X, X = Si, Ge, and Sn), a
bicapped tetragonal antiprism (close to the lowest energy
structure for Pbys), a bicapped cube, a decahedron, a
pentagonal antiprism, and outside doping of TTP to explore
the lowest energy structures. In Table 1, we have given the
binding energies (BEs) and HOMO—LUMO gaps of X ;g and
the M doped clusters in the lowest energy structures.

Figure 1 shows four typical structures that are among the
lowest energy structures for these clusters, For SijpNi, the
lowest energy structure is one with a capped pentagen on
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Figure 1, Representative lowest energy isomers of X oM clus-
ters: (a) capped pentagon-rhombus structure (nearly 3-fold) as for
SieNi, (b) tetracapped trigonal prism as for Pb;oPt, (¢) a 3-fold
symmetric structure as for Si;oPt, and (d} bicapped square antiprism
as for Ge oNi and PboPt.

Figure 2, (a) Outside capping by the M atom as in SioPd.
Structures (b} and (c) show open structures for SigPt and GePt,
respectively.

one side of the Ni atom and a rhombus on the opposite side,
as shown in Figure 1a. This is similar to the case of Ge;oCo
as well as to SijoFe studied by Khanna et al.'> However the
HOMO—LUMO gap in SigNi is much larger with the value
of 1.94 eV as compared to about 1 eV for SioFe showing
that Ni doping is the most appropriate for the 10 atom Si
magic clusters in agreement with the finding of large
abundances of Co-doped anion clusters. This isomer is close
to having 3-fold symmetry as it can be seen from the figure.
An isomer with 3-fold symmetry is nearly degenerate and
has the TTP structure with cne triangular face opened up
and Ni atom inside as shown in Figure 1b. The HOMO—
LUMO gap is 1.98 eV. Since the GGA underestimates the
gaps, the actual values are expected to be higher and to lie
in the visible range. The magnetic moment of Ni atom gets
completely quenched. An isomer with nearly 4-fold sym-
metry lies 0.77 eV higher in energy and acquires 2 ug
magnetic moment in fully symmetric structure. The deca-
hedral and pentagonal antiprism structures are found to have
2 ;g magnetic moments in both the cases. Mpourmpakis et
al."? also obtained a similar decahedral isomer for Si;pNi.
But it lies 0.67 eV higher in energy and has a small HOMO—
LUMO gap of 0.33 eV. A decahedral structure was also
obtained!? for SijoFe. When a decahedral structure is
optimized without spin-polarization, it transforms to a TTP
structure with (surprisingly) slightly different bond lengths
(Figure lc) and it lies 0.27 eV higher in energy as compared
to the lowest energy isomer. The HOMO—-LUMO gap is
also significantly different (1.49 eV). This structure has
combined features of the pentagons and a capped hexagon
as found in the fullerene-like and Frank—Kasper isomers'
of the Zr@S5i s cluster, respectively. A bicapped cube also
changes to this isomer, whereas a bicapped square antiprism
converts to the lower energy 3-fold structure (Figure 1b).

We also studied Ni outside Sijo on a triangular face of
TTP. The converged structure (Figure 2a) lies 1.11 eV higher
in energy. Therefore, Ni is favored inside the cage. The
energy gain in doping Ni atom to Sip is 5.13 eV, as
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