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All-electron calculations on MgO cluster (n=1-10) with Tohoku University
Mixed-Basis Program TOMBO
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All-electron mixed-basis approach which uses both plane wave and atomic orbitals as the basis
functions, has been used to do abinitic study of (MgO), cluster n=1-10. For this putpose Tohoku
Mixed-Basis Program TOMBO based on the local density approximation (LDA) is used to optimize the
structures of MgO clusters. Calculated electronic structures and bond length are in good agreement with
available experiment data. TOMBO program, when used in parallel environment, makes the structure
optimization calculation quite fast with increase in MgQ cluster size.

Key words: MgO Clusters, all-electron mixed-basis method, structure optimization, parallel processing

1. INTRODUCTION

Currently there is much focus on materials research at
the nanoscale because of the important role these are
expected to play in future technologies, It is important
to develop a fundamental understanding of the growth
behavior of matter in going from atoms io bulk. As the
stuctures and bonding at the nanoscale are gencrally
different from bulk, studies of clusters provide an
interesting way to understand the evolution of the
properties of materals from atoms to the bulk
condensed state. Therefore, this has prompted numerous
studies of cluster properties as a function of size.

Recently there has been an intense interest in the
study of metal oxide clusters. Often clusters of such
compounds are considered to be bulk fragments.
However, their structure and properties could be
different at the nanoscale. Here we consider clusters of
magnesium oxide. There have been very few ab initio
studies on small MgO clusters'¥. Also empirical
methods have been used considering primarily ionic
bonding®. However, the understanding of the growth
behavior is stifl not well understood. A survey of the
previous studies gave a very contradictory view of the
MgO cluster structures and bonding behavior. In this
light we studied MgO clusters using all electron mixed
basis approach. As one expects significant charge
transfer from Mg atoms to O, it is considered
appropriate to include the inner orbitals that are best
represented in an all electron calculation. For this, we
have used Tohoku University Mixed-Basis program
TOMBQ for optimizing the MgO cluster structures.

2. ALL-ELECTRON MIXED-BASIS METHOD
TOMBO

The mixed-basis means that the combination of both
plane waves (PWs) and atomic orbitals (AQs) is used as
basis function, The introduction of AOs considerably
reduces the load of the PW expansion method "™, In
the mixed-basis method, the electronic wavefunctions
are expanded using both PWs and AQs, making an
accurate description of both local and extended

15

electronic states, where not only valance AOs but also
core AQOs are incorporated to describe all-electrons
without using pseudopotentials.

In present study, structure optimization of MgO
clusters has been done using TOMBO, which is a
program based on all-electron mixed basis method
developed at Tohoku University. TOMBO uses optimal
linear and Broyden mixing of the electronic charge
density and can be used to do structural optimization
and molecular dynamic simulations, vibrational analysis,
including IR activity, Bomn effective charges and can
simulate Fermi contact interaction and dipole moment,
In TOMBO the Coulomb and exchange-comrelation
potentials are evaluated separately for PW and for AQ,
respectively, in reciprocal space and in real space. So
PW-PW, AO-PW and AO-AO contributions to the
charge density and the potential are calculated
separately . We have used local density approximation
(LDA) for this study.

To take advantage of the multiprocessor architectures
of most modemn supercomputers, TOMBO code has
been SIMD-parallclized by means of message passing
interface (MPI) calls in the most computationally
demanding subroutines e.g. for computing the product
of the Hamiltonian and the wavefunction, for computing
FFTs, for orthogonalizing the Hamiltonian, and for
transforming the representation of the wavefunction on
orthogonal and non-orthogonal bases®. TOMBO
program is capable of very large scale calculations when
used in parailel computing environment'%.

3. RESULTS AND DISCUSSION
3.1 Structures

We calculated the optimized clusters of MgO with
LDA. The unit cell is chosen as 2 cube of 1.6 nm width.
We have used Hitachi SR8000/64 512 paralle! 1 teraflop
supercomputer to do these all-electron mixed basis
calculations.

The results of the structures of different isomers
studied here, as well as bond length, total energy and
energy per molecule are given in Fig. 1, Fig. 2, Table 1

— 219 —



16 All-Electron Calcwlations on MgO Cluster(n=1-10) with Tohoku University Mixed-Basis Program TOMBO

and Table II. The red balls represent Oxygen and green
balls represent Magnesium in Fig. 1 and Fig. 2.

Ga
1
*—C
2 o) 6b
6c
3
OX
l\o' 6d
4a
@ z ! 7a
4b
o 7b
i 0
4c -~ 8a
5a 8b
..0)
5h 9
ot — ot -
boged fd
5c 10
( O'A'ﬁ?
< Fig. 2 Optimized structures of MgO n=6-10. Front/top
Fig. 1 Optimized structures of MgO n=1-5. From n=3-5 view is shown in the left side and side view of the
front view is shown in the left side and side view of the structures is shown in right side

structures is shown in right side
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n structure Bond length (A)

1 monomer 1.75

2 2*2*1 1.88

3 ring 1.33

4a 2%2*¥2 1.95

4b 4*2* 1.84,2.08, 1.1, 1.85, 1.89

4c ring 1.82

5a distorted cube 1.94, 1.93, 1.95, 1.97,
open at one side 1.98, 1.86, 1.80, 1.89

5b 5%2*] 1.84, 2.09, 1.99, 1.85,

1.91, 1.89

Sc rnng 1.815

6a ring*2 1.91,1.99

6b 332%2 1.94,2.11, 191, 1.97

6c distorted cube 1.81, 1.90, 1.86, 1.89,
open at two sides 1.96, 1.98

6d ring 1.81

Ta capge 1.93,1.94, 1.87

7b ring 1.80

8a ring*2 1.89, 2.00

8b ring 1.80

9 ring*3 1.90, 2.05

10 ring*2 1.89. 2.00

Table II Total energy (eV) and Energy per MgQ

molecule (V) for MgO clusters n=1-10

n Total Energy Energy/molecule
1 7440.07 7440.07
2 14896.74 7448.37
3 22348.29 7449.43
4a 29800.68 7450.17
4b 29799.41 7449.85
4¢ 29799.00 7449.75
5a 37251.22 7450.24
5b 37250.80 7450.16
5¢ 37249.33 " 7449.87
6a 44704.70 7450.78
6b 44704.58 7450.76
6¢ 44701.85 7450.31
6d 44699.53 7449.92
7a 52156.30 7450.90
7b 52149.66 7449.95
8a 59607.71 7450.96
gb 59600.12 7450.02
9 67061.00 7451.22
10 74510.29 7451.03

When these results are compared with the
experimental results, calculated bond length of the MgO
monomer is in excellent ment with the
corresponding experimental datal'*'"],

It is clear from the optimized structures shown in
Fig.1 and Fig 2 and calculated total energy of these
optimized structures that MgO clusters prefer 3-
dimensional structures from (MgQO), onward. A very
important observation from the optimized 3-d structures
is the chair type structure of MgO clusters from n > 4.
The chair kind structures more clearly visualized in the

side views of the structures and more clearly observed
in the side views of the fig. 4a, 6a, 6b, 83, 9, 10. This is
very interesting as this indicates the existence of some
covalent bonding in MgO cluster where as MgO s
considered ionic n butk state. It is also interesting to
note that the optimized planer isomers of MgO clusters
have larger angle on Maguesium than Oxygen though
the bond length remains same within each plan structure,

7452 -

7450 A

7448

7446

7444

Enorgy per MgO molecula

7442 4

7440

12 3 4 5 8 7 8 9 10
Cluster glze

Fig.3 Energy per MgO molecule for the most stable
MgO clusters.

The encrgy per MgO molecule graph with the
variation of cluster size, shown in Fig. 3 indicates that
Cluster 2, 4, 6 and 9 are more preferable than the other
clusters. These results are in full agreement with the
mass spectra of MgO clusters™, which gives the MgO
magic clusters at n=2, 4, 6 and 9.

3.2 Parallelized Calculation for MgO Cluster Study

Some ab initio simulations for MgO cluster structure
optimization have been dore on different number of
Hitachi SR8000 super computer nodes. Time taken in
these simulations has shown the effectiveness of the
TOMBO parallelization. A typical comparison of total
time taken in structure optimization for (Mg(¥); and
(MgO), clusters when same structure of (MgO); and
(MgO) is optimized with different number of computer
nodes in parallel is shown below in Fig. 4

In case of (MgO); time saving is not much because
time utilized in communicating between different nodes
is significant when compared to the actual time saving
due 1o the paralle! computation in different nodes. But
in case of (MgO), there is a significant time saving
when number of nodes are increased, The reason for this
is that the communication time between different nodes
is not comparable to the actual time saving in the
computation process due 1o the use of parallet nodes. As
the size of cluster increases, we need more
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computational resources and time and we will be able to
save more time if using the parallel computing nodes for
these larger calculations.

—e—mg3o3|
50 —a—mgYe

160 4
30 J .\o\.
100 N - '
4] 1 2 3 4

No. of nodes

Minutes
[ R
83

Fig. 4 Time taken for structure optimization of (MgO),
and (MgO), using different number of parallel
computer nodes.

4. CONCLUSIONS

In summary, we have repotted results of our all-
clectron mixed-basis calculations using TOMBO, We
have reported various- isomers and the lowest energy
structures of MgO clusters (n=1-10) , which are in
excellent agreement with the experimental results
available. Another important conclusion of our study
from the finally optimized structure is the indication of
covalent bonding in MgO clusters whereas MpOQ is
considered ionic in bulk state. We have found magic
clusters of MgO at n=2, 4, 6, 9 which are also fully in
agreement with the mass spectra. Our calculations also
show that the structure optimization through TOMBO is
quite fast when used in parallel mode with many
parallel computer nodes, which is very important for the
further study of Iarge size clusters.
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We investigate theoretically the atomic and electronic structures of (CdSe),s cluster which is of the smallest
magic mumber size among (CdSe), found experimentally recently. Using the first-principles approach
based on the local density approximation in the density functional theory, we calculate the dielectric
function for two cluster geometries of (CdSe);; and compare the results with the changes in the optical

absorption spectra under the illumination.

Key words: optical absorption spectra, dielectric response function, density functional theory, first principles

1. INTRODUCTION

Quite recently, (CdSe), clusters have been synthesized
and characterized by the optical and time-of-flight
(TOF) mass measurements by Bamakov ez alll,2].
The TOF mass spectra of positive ions show that
(CdSe);s ts an abundant magic number cluster. Kumar ef
al. [3] have determined the most stable geometry of the
clusters by means of the standard ab initio
pseudopotential approach based on the local density
approximation (LDA) in density functional theory.
The magic (CdSe),3 cluster has an endohedral cage
structure composed of twelve Se ions at the surface of an
icosahedral cage, one Se ion at the center and thirteen
Cd ions at slightly inner than the cage surface. The main
interest of these clusters lies in their specific behavior in
the optical response.

In the present paper, we calculate, for the first time,
the dielectric function of (CdSe),; and compare the
results with the optical absorption spectra measured by
Kasuya et afl. [1]. In addition to the most stable cage
structure, we consider another structure of (CdSe);,
which can be obtained by cutting the bulk wurtzite and
by optimizing their geometrical structures. Throughout
this paper, we use ab initio methods within the LDA in
density functional theory.

2. EXPERIMENT
(CdSe), clusters was created by following sequence :

1. Solution of CANTA and Na,SeS0; was mingled with
decylamine (CH;(CH,)}NH;) as surfactant.

(Cd™* and Se* was created in solution)

i . Toluene was added to the above mixture at
temperature of 45°C.
{The clusters grew up in nearby boundary face of
toluene and solution.}

iii. The resultant greenish yellow solution of toluene

ki x)

was concentrated and aged for a week.

The optical absorption spectra of (CdSe), were
measured in toluene after illumination by xenen lamp
combined with a2 monochromater to observe photo
illumination effects.

2.0

-

i

1

[ T 4 fmm
3 8 Sy
4 18 5min
2 3 Sain
5 28
T M S

Linzin

60O

Fig. 1 Optical absorption spectra measured for the
(CdSe),y sample in toluene. The abscissa is the light
wavelength in units of nm and the ordinate is in arbitrary
units. The eight curves {from up 1o bottom) correspond,
respectively, to the observations after 1 min, 4.5 min, 8.5
min, 18.5 min, 23.5 min, 28.5 min, 38.5 min and 1 night
light illumination of tungsten lamp after dissolving
(CdSe),3 in the solvent,

Figure 1 shows the optical absorption spectra of
(CdSe)y; clusters. The clusters also have the surfactant
molecules, decylamine. It exhibits sharp peaks around
340-350nm. The eight curves in this figure represent the
change of the observed spectra with the illumination
times given in the figure. The uppermost curve is the
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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:
a=16A, 20A and24A.

3. FIRST PRINCIPLE 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 comesponding 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 corresponding bulk geometry for
the endohedral cage structure in Fig. 2(a).

_. -.-M'.v.
A S
x . . j.-xté') .
-t . L
® ‘9
ta") (2)
cage
, » w’ . ."ﬁ.‘_;.
.00 . 0.0
o) (b)
wurtzite

Fig. 2 Optimized (CdSe);; geometries for the (a)
endohedral cage and (b) wurtzite structures. Left
figures, (a’), (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

fee lattide with the unit cell size comresponding to the
nearest neighbor distance between clusters being equal
to a. All core and valence AO’s 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 random phase approximation (RPA)

via the equation [9]
2
N Zzzf(“e-ﬂ{e"" ko] Unternn) - frtes.)
»e= Q7 TG €roga —&,—w—id

]

¢y
where the summations with respect to the level indices 4
and v run over all levels (here we chose 1,000 levels), k
is the wave vector inside the first Brillouin zone and

. denotes f, the Fermi-Dirac distribution function; the

prefactor 2 means the spin multiplicity and 0 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.

30 1
25
n ——supercell gize = 16 A

20 -
H ~—=gupercall size = 204
ELS —
¢ |, 1y e supercell size = 24 &

10 i /‘

L4

400 450 00 550 6§00
wavelangth {(nm

(a)

20 -

——suparcell size = 16 4

—wsupercell size = 20 A

w—-supsrcell size = 244

sifon__,

(=] (=]
m—

-_"'——"1—'-;—

gy
Wt

00
30 50 0
0 3 400wavele4nsgth (nm?

(@)

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 bottom) 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 supercell size is not negligible,
because the peaks of supercell size = 16A are much
highet than those of supercell size = 24 & The larger the
intercluster distance, the lower the height of the peaks.
This is mainly because of the factor 1/{2 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 360nm.
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 CF 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 caleulated their

dielectric response function in the RPA on the basis of
the LDA in density functional theory. We have
comnpared 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);; and (CdSe)sq 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.c., a rapid energy transfer from

the electronic excitation to the molecular motion of the order of 10 femto seconds.
Key words: time-dependent Schrédinger equation, spectral method, and a 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]

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 ¢,(r) at the
same time,

which is the most popular approach nowadays. Instead YAN=Zec; ) px, (3}
we can integrate directly the time-dependent SchrSdinger

equation (TDSE} within the framework of the where

time-dependent density functional (TDDF) theory [3,4].

The merit of doing it is to treat the wavepacket states as cjk(1)=<¢ki 0> 4)

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 Afirst-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

29 0=HO¥O, (1)

with respect to time, we introduce the spectral method [5].

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

H(Opr=aror (2)
Here, H(r) denotes just the electronic part. Since it
depends on time, this eigenvalue problem must be solved
at each time. Therefore, ¢; and g, 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

_Hence, the basic time step Af can be set as large as the
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time scale in which the Hamiltonian changes, one may
integrate the TDSE as follows:
P+ An=Xici(1)exp(-ieAt)py. (3)
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-clectron 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 atomic 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 twe molecules, Li;
and H,, 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 dynamies 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 unoceupied 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
trotion 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 occupied molecular orbital
level, Level C is the lowest unoccupied molecular orbital
level.

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 ls 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 (MQ).
Next, intermediate level B represents 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
stmulation 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 a 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, Li;+H,—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 ¢an propose
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a mechanism for relaxation of the reaction by the double
cxcitation: electronic excited state changes smoothly into
the electronic ground state leaving z kinetic energy of the

atoms.
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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 2 <C 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'-!* 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, (r=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,>** Fe,"*% and other M atoms.”'® In
addition, large abundances have been obtained for 15 and 16
Si atom clusters with one M atomn'""'* and low reactivity of
MSi|;, M=Cr, Mo, W has been obtained with hydrogen.>!
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@8i5, 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
$i,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,0 on Ti@Si, clusters could be found cnly 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
WSij,. 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
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PACS number(s): 73.22.—f, 71.15Nc, 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,0 molecule on TiSi, clusters.

The calculations are performed using the ab initio ultra-
soft pseudopotential method,!>!6 within the spin-polarized
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 8i 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,O. 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-
petiments.

Figure 1 shows the lowest energy structures of TiSi, [(a)-
(1)] and two interesting isomers [(j) and (k)] for TiSi}; and
TiSi,3, 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 TiSi,
(n=8-16) with (j} and (k) as the local minimum structures for
TiSij» and TiSi 3, respectively. Ti atom is shown by a bigger ball
{green).

cage structures. As seen in Fig. 1, 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 TiSi;;. It pre-
fers a basket-type structure and it is the largest cluster for
Ti@Si, 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-(i) "

2 4 @,. G

gl
)
<\ /'

n=10

B P
n=11 n=16-(iii) 5
. R B :

FIG. 2. (Color) Optimized arrangements of H,O interacting
with TiSi, clusters. For =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 (O) atoms in the H,0 molecule.
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FIG. 3. Interaction energies (left scale) between TiSi, and H,O
(n=8-16). The atomic arrangements for n=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,0 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,

H
Total Excess Depletion Total

0.04(e/A%) 001(e/A3 001(e/AY) 0.04(e/AY)

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,O.
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TABLE 1. Binding energy (BE) per atom for TiSi, clusters,
optimized distances between Ti and O (dr;.0), 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,

BE/atom

Optimized E

n (eV) drio (A) (eV)

8 3.798 2.14 1.188
3.822 2.16 1.069

10 3.848 2,16 1.076
i1 3.92] 2.20 1.004
12 3.953 2.19 0.989
13 4.001 3.78 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
13-(iii} 4.017 6.03 0.078
16-(3) 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,O
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 n=13 and 14, very weak or no adsorption
could be found in experiments. It is found that in these cases
the H,O melecule moves away from the cluster and the final
converged Ti-O bond lengths in #=13 and 14 are large (3.78
and 4.52 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,0 is quite small. Therefore, we conclude that in-
teraction of H,O is predominantly with St atoms. In the case
of n=14, the bare Ti@8i,, cage structure is quite distorted
and O interacts with one Si atom such that the Si-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@S8i,5 and Ti@Sis 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@Si;
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-(jii)],
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 I5-(i) and 15-(iii), respectively. For Ti@8i,;, O
points to the cluster side when it is on a bridge site (Si-O
bond lengths 3.50 A) joining two Si hexagous [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,0 is
placed on .top of a capping atom (of Si hexagons), then H
points towards the cluster, as shown in Fig. 2 (16-i) with
Si-H bond length of 2.70 A. The Si-H as well as Si-O bond
Iengths in these clusters are much longer as compared to the
covalent bond length of about 1.5 A for Si-H and 1.65 A for
Si-O. This different result indicates weak interaction between
H,0 and the clusters.

In order to further quantify the interaction, we estimate
the interaction emergy from E(TiSi,)+E(H,0)-E(TiSi,
+H,0). It is given in Table [ and Fig. 3. The interaction
energy in the basket isomers (#=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,0 is energetically favorable for n
=8—12, with a small 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,O 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 littte adsorption has been found only in n
=13 and 14 and there is also a little increase in going from
13 10.14. '

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,O 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=135 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. Qur calculated
results also show a slight.increase .in the interaction energy
and this is likely to be responsible for an increase in the
reaction ratie. In addition, n=14 c¢age isomer has two open
hexagonal rings, while n=13 has one. A similar stight 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 V) 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,0 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 accumulation 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,Q molecule shift significantly to higher
binding energies indicating significant covalent bonding be-
tween water and the silicon cluster. On the other hand for
TiSi,s, 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 equilibrium 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,0O adsorption could occur only up to n=12, for which
basket structures are preferred with Ti partially exposed and
being available for intéraction. 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,O 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 Ruy and
Pdy3 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.

DOI: 10.1103/PhysRevB.70.195413

I. INTRODUCTION

The oceurrence of magnetism in clusters of nonmagnetic
elements!? Ru, Rh, and Pd has attracted much attention in
recent years*8 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 momients 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®7 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=60 with a value of 0.48£0.1345/atom for Rhy3. 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 Jowest 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 Rhyy in an icosahedral structure
has been calculated to be 1.62 and 1.15ug/atom, respec-
tively, by Reddy er al.5 and Reddy et al.% Jinlong et al.7 also
obtained 15z 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. Our 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;; and Pd,; clusters. Interest-
ingly we find an icosahedron for Ru;; 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.!*'* 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

©2004 The American Physical Society

— 235 —



BAE et al.

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 2xtp/atom from the atomic value of 3 up.
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 hlgher (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 575 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.

III. 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 445 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 6up magnetic moment while a square (stde
2.33 A) lies 0.15 eV higher in energy with 4u; magnetic
moment. A tetrahedron (side 2.45 A) lies 0.10 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 5up magnetic moment to be 0.31 eV lower in energy
than a trigonal bipyramid (bond lengths 2.65 A in the base
and 2.50 i from vertex to base) that has 7uy magnetic mo-
ment. A similar result was obtained earlier.® For Rhg 2
sllghtly 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
6 magnetic moment are nearly degenerate while a bi-
capped tetrahedral structure lies 0.31 eV higher in energy
with 10uz magnetic moment. A nonmagnetic octahedral iso-
mer lies only 0.05 eV higher in energy than the 65 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 45 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 zig. 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 Oup 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 (13ug) ob-
tained before.%” An isomer in which a triangular face of the
prism is capped lies 0.48 eV higher in energy with 7 uz mag-
netic moment.

Another surprising finding is that Rhy has a perfect cubic
structure with 2.40 A side and 125 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 (ug) 4 (A)
4 Bent thombus 312 6 241
5 Square pyramid 3.40 5 2438
6 Prism 3.57 6 243
7 Capped prism 371 i1 2.50
8 Cube 3.96 12 2.40
9 Capped cube 3.97 13 247
10 Bicapped tetra- 4.02 14 2.56
gonal antiprism
11 Fused penta- 4.06 15 2.57
gonal pyramids
12 Bilayers 4.12 12 2.55
13 Cage 4.16 17 2.57
14 capped hexago- 4.23 16 2.55
nal prism-like
15 Hexagonal 4.26 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 Dy, 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
1245 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 Rhg lie 2.09 and
2.92 eV higher in energy with 12 and Oup magnetic mo-
ments, respectively.

The above growth hehavior is continued further and Rhy
is a capping of cubic Rhg with 1315 magnetic moments. It is
quite different from a bicapped pentagonal bipyramid ob-
tained earlier.® We obtain a capped tetragonal antiprism (9¢)
to be 0.27 eV higher in energy. It has 15u; 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 1345 magnetic moments. Therefore, our results are the
lowest spin isomers. However, for Rhjy, our result of bi-
capped tetragonal antiprism (10a) (14 magnetic moments)
is the same as obtained before.” A bicapped distorted hexago-
nal biprism lies 0.30 eV higher in energy with 1645 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 124, 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 Rh;, (11a) can be viewed as
two capped pentagons joined by an atom. It has 15 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 Rhy; and Rhy3. 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 12pp 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 16up. 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;5. 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 175 magnetic mo-
ment and no atom at the center is (.30 eV lower in energy
than an icosahedron (13e) with 21u,; magnetic moment as
obtained before.? (An icosahedral isomer with 175 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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