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Atomic and electronic structures of Pd13 and Pt13 clusters
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The electronic structures of Pd13 and Pt13 clusters of cuboctahedral and icosahedral symmetries are analyzed
by the self-consistent spin-polarized density-functional scheme using the norm-conserving pseudopotential in
the linear combination of atomic orbitals method. The electronic structure is discussed in relation to the shell
structure of the giant atom. The stable atomic structure is discussed, considering the effects of the generalized
gradient approximation of the exchange-correlation potential, the spin-orbit splitting, and the Jahn-Teller
effect. The spin-orbit coupling effect depends on the symmetry of the whole cluster. It is the largest of these
effects for Pt, and it is as large as the spin polarization effect for Pd. The electronic structure of Pd and Pt
clusters of 13 atoms is comprehended as a complex of the shell structure and the localized Pd-4d or Pt-5d
orbitals. The Jahn-Teller effect seems to be small to keep the shell structure. For both Pd and Pt metals the
cuboctahedron clusters are more stable and have small spin polarization,S53 for the Pd cluster andS54 for
the Pt cluster.@S0163-1829~98!02527-2#
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I. INTRODUCTION

The spin configuration of a microcluster is important
determine the stable structure of an isomer or its magnet
Reddy et al. reported that 13-atom clusters of 3d and 4d
metals, especially in the icosahedral symmetry, have non
magnetic moments,1,2 and this is why the icosahedron stru
ture is the most stable for Pd13, Rh13, Ru13, and Fe13. Re-
cently the magnetism of the Pd cluster was discussed in
sively and suspected to have no magnetic moment.3 Zhao
et al. have shown that the magnetic-nonmagnetic transi
in nonmagnetic 3d and 4d metal clusters is roughly esti
mated by a simple analytic equation based on a tight-bind
Friedel model4 and this generally agrees with recent expe
mental results.5–7 The magnetism emerges when the clus
size becomes smaller and the critical size for Pd calcula
by Zhao’s scheme is 8. The magnetic moment for Pd13 cal-
culated by Reddyet al. is 0.43mB /atom,2 which is consistent
with the experimental upper bound of,0.40mB /atom6 pal-
ladium clusters being essentially nonmagnetic.

Our previous calculation on Pt13 clusters using the spin
restricted approximation proposed that the cuboctahed
cluster was the most stable within that approximation,
the state was not a closed shell.8 Noble metal clusters of 13
atoms, which have one delocalized valence electron an
closed atomicd-shell per atom, are understood as a sh
structure ofs-electrons that is interacting with the atom
d-electron-band.9,11 The shell structure of transition-meta
clusters was also investigated for Ni clusters with discre
variationalXa ~DV-Xa! by Fujimaet al.10 and for Pt with a
pseudopotential by Watari and Ohnishi.8 Fujima’s group
analyzed the shell structure apart from the atomicd-band and
labeled 1s,1p,1d, . . . shells across the atomicd-band. We
concluded that the shell structure also exists in the ato
d-band, then51 shell terminates there, and that it is appr
priate to label the one above the atomicd-band as then
PRB 580163-1829/98/58~3!/1665~13!/$15.00
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52 shell, which explains well the structure of the clust
with adsorbed hydrogen.

Microclusters of Pd and Pt are also important as indust
catalysts. They are used for various oxidation, hydroge
tion, and dehydrogenation reactions involvin
hydrocarbons.12 It is known that the catalytic activity may
often be improved by adding small amounts of alkali meta
The mechanism of these catalytic processes is not un
stood theoretically. It may be related to the fundamen
properties of microclusters.

In this paper we address the discussion of the interrela
between the shell structure and the spin configuration,
effect of the generalized gradient approximation~GGA! for
the exchange-correlation potential, the effect of spin-or
interaction, and the Jahn-Teller effect. Section II descri
our method. Section III presents the results of total ene
analysis of the different spin configurations of the Pd and
clusters of the 13-atom icosahedron and cuboctahedron
shell structure analysis, the spin-orbit interaction analy
and the effect of Jahn-Teller distortion. Section IV discus
these results in general.

II. CALCULATION METHOD

The linear combination of norm-conserving pseudopot
tial atomic orbitals~LCPSAO! method is characterized b
introducing the well known effective core potential,13 and
the nodeless radial wave function, which are determined
the self-consistent solution of the Dirac equation for a sin
atom. Details of the calculation scheme are described in
previous papers.8,11,14,15

The total Hamiltonian for the present system is written

Hs5F2 1
2 ¹21(

i l
V̂i l

ps~r2Ri !1Vval
s ~r !G , ~1!
1665 © 1998 The American Physical Society
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TABLE I. Summary of spin restricted results~LDA !.

Cluster
~sym.!

Equilibrium spacing
~a.u.!

Total energy
~Hartree!

HOMO LUMO
HOMO-LUMO gap

~Hartree!sym. energy sym. energy

Pd13fcc (Oh) 5.1 2376.578 eg(4) 20.2129 t1u 20.207 64 0.005 26
Pd13fcc (D3d) 5.1 2376.580
Pd13icos (I h) 5.1 2376.531 t2g(4) 20.208 73 t1u 20.207 72 0.001 01
Pd13icos (D3d) 5.1 2376.529
Pt13fcc (Oh) 5.1 2341.802 t1g(2) 20.215 89 a2g 20.214 40 0.001 49
Pt13fcc (D3d) 5.1 2341.801
Pt13icos (I h) 5.0 2341.751 t1g(4) 20.217 77 t2g 20.207 90 0.009 87
Pt13icos (D3d) 5.0 2341.751
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Hscn
s5«n

scn
s , ~2!

where Ri is the atomic sitei . V̂il
ps is the effective core

pseudopotential for the atom located at the siteRi , which is
given by the sum of the long-range core potentialVcore(r )
and the nonlocal angular-momentum-dependent pote
V̂l

ion(r ).13 Vval
s is the sum of Coulomb potentialVC and the

exchange-correlation potentialVXC
s given by VXC

s (r )
5]EXC /]rs(r ), where EXC@r,s# is the exchange-
correlation energy.cn

s and«n
s are the wave function and th

eigenvalue of the staten and spins. r~r ! is the electron
density. We use the spin-polarized exchange-correlation
ergy given by Perdew and Zunger,16 and the generalized gra
dient approximation~GGA! of the Perdew-Burke-Ernzerho
~PBE! formula as the GGA functional.17

The nodeless feature of atomic radial wave functio
made it feasible to perform numerical integrations for ov
lap and Hamiltonian matrix elements in the standard LCA
scheme. Multicenter numerical integration is transformed
a single-center one by applying Becke’s algorithm.18

The variational basis functions of this Hamiltonian a
atomic orbitalsx lm(ur u)5f l(ur u)Ylm(u,w), which are given
by solving theSchrödingerequation for the norm-conservin
pseudopotential self-consistently. The molecular orbitalcn

represented by the linear combination of symmetrized or
als is determined by the standard density-functional sche
The total energy is given by

Etot5(
n,s

f n
s«n

s2
1

2 E E r~r !r~r 8!

ur2r 8u
drdr 81EXC

2(
s

E rs~r !VXC
s
„r~r !,s…dr1(

i , j

ZiZj

uRi2Rj u
, ~3!

where f n
s is the occupation number at the eigenstaten for s

spin state.
The Coulomb energy requires the highest accuracy in

termining the total energy of the cluster. In the LCPSA
method, the Coulomb potential is calculated by the sum
the potential of each atomic site due to the charge den
projected onto spherical harmonics withl 50,...,8.

In this work we used a cuboctahedron and an icosahed
for 13-atom clusters.
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III. RESULTS

A. Summary of spin restricted results

The equilibrium cluster size, the total energy, and t
HOMO-LUMO orbitals of Pd13 and Pt13 clusters obtained by
the spin restricted calculation are summarized in Table I. T
cluster size is denoted by the distance between the ce
atom and a peripheral atom. The distance between the
ripheral atoms is equal to that between the center atom a
peripheral atom in the cuboctahedron cluster, but in
icosahedron cluster the distance between the periphera
oms is 5% longer than that between the center atom an
peripheral atom. The experimental nearest-neighbor
tances of the bulk are 5.198 a.u. for Pd and 5.242 a.u. for
The distances between the center atom and a peripheral
are 2% smaller in Pd clusters, 3% smaller in the Pt cubo
hedron cluster, and 5% smaller in the Pt icosahedron clus
The interatomic distances in microclusters generally shri
The HOMO’s are not closed orbitals except for the Pd13
cuboctahedron cluster and so spin unrestricted calculat
are needed. The LUMO’s of both Pd clusters are the shellp
states of a big atom, which we describe in detail in the f
lowing subsections. To check the effect of the symmetriz
orbital, the common symmetry subgroup forOh andI h , D3d
is also used for the total energy calculation at the equilibri
spacing. The difference using the symmetrized orbital
about 0.002 Hartree.

Table II shows the results with the GGA potential. Th
changes in the total energy are about20.01 Hartree for the
Pd13 clusters and about20.001 Hartree for the Pt13 clusters.
The equilibrium spacing of the Pd13 icosahedron cluster is
slightly ~2%! shrinked. The electronic structures are u
changed.

B. Pd13 clusters

1. The Pd13 cuboctahedron cluster

By specifying the number of unpaired electrons of t
system and scaling the cluster size by the distance betw
the center atom and a peripheral atom, we have determ
the self-consistent total energy. The total spin is polariz
until the total energy becomes higher than that of the sys
with one less total spin. The spin configurations around
Fermi level and the total energies by LSDA are summariz
in Table III. The system withS50 has a closed orbital struc
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TABLE II. Summary of spin restricted results~GGA!.

Cluster
~sym.!

Equilibrium spacing
~a.u.!

Total energy
~Hartree!

HOMO LUMO
HOMO-LUMO gap

~Hartree!sym. energy sym. energy

Pd13fcc (Oh) 5.1 2376.588 eg(4) 20.214 09 t1u 20.209 24 0.004 85
Pd13icos (I h) 5.0 2376.540 t2g(4) 20.210 86 t1u 20.210 41 0.000 45
Pt13fcc (Oh) 5.1 2341.803 t1g(2) 20.215 94 a2g 20.214 46 0.001 48
Pt13icos (I h) 5.0 2341.752 t1g(4) 20.217 89 t2g 20.208 01 0.009 88
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ture and the most stable total energy and the energy gap
other systems is on the order of 0.001 Hartree~0.03 eV!. Our
result agrees with the report by Reddyet al.2 that the Pd13
cuboctahedron cluster has no magnetic moment by their L
solution.

Table IV summarizes the results with the GGA potenti
The basic electronic structure is not altered. The energie
the systems that have larger spin-polarization are more st
with the GGA potential, which is the most prominent diffe
ence from the results with LSDA potential.

We have also analyzed the shell structure by the o
center spherical harmonics expansion of the density of st
~DOS! using the following scheme:8

c̃n lm
j ,s ~r 8!5E cn

s~r !Ylm~r j !dV j , ~4!

TABLE III. Spin configuration around Fermi level and tota
energy of Pd13 cuboctahedron cluster by LSDA.DE is the differ-
ence of total energy from the spin restricted result.

Spacing Spin configuration DE
S ~a.u.! Majority-spin Minority-spin ~Hartree!

0 5.1 t1u ~shell-2p* ! 0 t1u ~shell-2p* ! 0 0.0
eg 2 eg 2
a2g 1 a2g 1
t2g 3 t2g 3

1 5.1 a1u 0 a1u 0 10.004
t1u ~shell-2p* ! 1 t1u ~shell-2p* ! 0

t2g 3 t2g 2
eg 2 eg 2
t1g 3 t1g 3
a2g 1 a2g 1

2 5.1 a1u 0 a1u 0 10.001
t1u ~shell-2p* ! 2 t1u ~shell-2p* ! 0

t1g 3 t1g 1
a2g 1 a2g 1
t2g 3 t2g 3
eg 2 eg 2

3 5.0 a1u 0 a1u 0 10.013
t1u ~shell-2p* ! 3 t1u ~shell-2p* ! 0

t1g 3 t1g 0
t2g 3 t2g 3
eg 2 eg 2
a2g 1 a2g 1
for

F

.
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le

e-
es

%n lm
j ,s 5E „c̃n lm

j ,s ~r j !…
2r j

2dr j , ~5!

r j5ur2Rju, ~6!

r j<Rmax, ~7!

TABLE IV. Spin configuration around Fermi level and tota
energy of Pd13 cuboctahedron cluster with GGA.DE is the differ-
ence of total energy from the spin restricted result of GGA atR
55.1.

Spacing Spin configuration DE
S ~a.u.! Majority-spin Minority-spin ~Hartree!

0 5.1 t1u ~shell-2p* ! 0 t1u ~shell-2p* ! 0 0.0
eg 2 eg 2
t2g 3 t2g 3
a2g 1 a2g 1

1 5.1 a1u 0 a1u 0 20.001
t1u ~shell-2p* ! 1 t1u ~shell-2p* ! 0

t1g 3 t1g 2
eg 2 eg 2
t2g 3 t2g 3
a2g 1 a2g 1

2 5.1 a1u 0 a1u 0 20.004
t1u ~shell-2p* ! 2 t1u ~shell-2p* ! 0

t1g 3 t1g 1
a2g 1 a2g 1
eg 2 eg 2
t2g 3 t2g 3

3 5.1 a1u 0 a1u 0 20.015
t1u ~shell-2p* ! 3 t1u ~shell-2p* ! 0

t1g 3 t1g 0
a2g 1 a2g 1
t2g 3 t2g 3
eg 2 eg 2

4 5.1 a1u 1 a1u 0 20.008
t1u ~shell-2p* ! 3 t1u ~shell-2p* ! 0

t1g 3 t1g 0
a2g 1 a2g 0
t2g 3 t2g 3
eg 2 eg 2
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wherern
s is the molecular orbital density of staten of spins.

Figure 1~a! shows energy levels and the DOS of the P13

cuboctahedron cluster.s, p, d, f , g, andh indicate the par-
tial DOS, %n lm

s , of each molecular orbital projected at th
cluster center withRmax515 Å. Comparing with the jellium
shell model,19 these states can be identified with the sh
structure. The electronic structure of ad-metal cluster could
be understood as a complex system of the shell structure
the atomicd-band.9,10,8 The orbital components can be se
by Fig. 1~b!, where the DOS is projected at each Pd site w
Rmax51.6 Å and accumulated for 13 Pd atoms. To comp
the orbital components by the coefficient of the atomic
bital, %n lm

s is divided by the degeneracy of the angular m
mentum l . The states whose atomics-orbital coefficient is
larger than the atomicd-orbital one are thought to constru
the skeleton of the shell structure.

The d-electron band is located in the energy range
20.33 to20.21 Hartree, which is almost the entire regi
below the Fermi level. The lowest level, denoted asa1g , in
Fig. 1~a! corresponds to the 1s level of the shell structure
the next two,eg andt2g of relatively larges-component, are
the shell-1d levels; and thet1u state at about20.33 Hartree,
the edge of the atomicd-band, is the shell-1p level. The
inversion of the shell-1p and -1d states is caused by th
interaction between the shell-1d and the atomicd-band. The
interaction of the shell-1p with the d-band seems to be

FIG. 1. ~a! Energy levels and the density of states~DOS! of Pd13

cuboctahedron cluster.s, p, d, f , g, andh indicate the partial DOS
of each molecular orbital projected at the cluster center.Rmax for
expansion is 15 Å.~b! Same as~a! but augmented at 13 Pd atom
sites withRmax51.6 Å.
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smaller than that of the shell-1d, for thes-coefficient ratio of
the shell-1p is larger than that of the shell-1d and the posi-
tion of the shell-1p is the edge of the atomicd-band. Thet1u
state just above the Fermi level whoses-component is ex-
tremely large is the shell-2p* state. The total energy be
comes higher when the shell-2p* state is occupied in the
LSD approximation but this does not hold for GGA. Th
higher spin state of GGA is stabler than the closed orb
structure. The HOMO corresponds to the shell-1g, which is
shown in Fig. 1.

2. The Pd13 icosahedron cluster

The icosahedron cluster of the Pd13 is analyzed in the
same way as the Pd13 cuboctahedron cluster. The spin co
figurations around the Fermi level and the total energies
summarized in Table V. The results of both LSDA and GG
potentials are listed together because there is no promi
difference. The system ofS54 is the most stable in the Pd13
icosahedron cluster, whose total energy is similar to theS
53 system of the Pd13 cuboctahedron cluster. The cuboct
hedron cluster is more stable than the icosahedron cluste
Pd13 clusters.

The shell structure of theS54 system is shown in Fig
2~a!, and the components of each level are shown in F
2~b!. The atomicd-electron band is located in the energ
range of about20.33 to20.22 Hartree for the majority spin
and about20.32 to 20.20 Hartree for minority spin. The
atomic d-band is further divided into two regions from th
point of view of the blending of the atomics-orbital. In the
region lower than20.28 Hartree, the atomics-component is
rather large. The lowest level denoted asa1g in Fig. 2~a!
corresponds to the 1s level of the shell structure, which is
almost degenerate with the next level ofhg in the majority
spin. Thet1u state at about20.33 to20.32 Hartree of the
edge of the atomicd-band is the shell-1p level. The reason
for the inversion of the shell-1p and -1d states is the same a
that for the cuboctahedron cluster: the interaction betw
the shell-1d with the atomicd-band. Thet1u states just
above the Fermi level in the majority spin and just below t
Fermi level in the minority spin whoses-component is ex-
tremely large are the shell-2p* states. The energy levels i
the atomicd-band, which have comparatively large atom
s-component, can be regarded as the shell states. Thos
labeled in Figs. 2~a! and 2~b!.

In the icosahedron cluster, theS50 system does not hav
a closed orbital, unlike that of the cuboctahedron cluster. T
t1u state corresponding to the shell-2p* is occupied in the
majority spin of the Pd13 icosahedron cluster. The total en
ergy becomes higher when thehg state of the shell-2d is
occupied, which corresponds to theS55 system. The gap in
total energy between the cuboctahedron and icosahe
clusters is about 0.05 Hartree with both LDA and GGA p
tential.

C. Pt13 clusters

1. The Pt13 cuboctahedron cluster

By varying the number of unpaired electrons and the cl
ter spacing, we calculate the total energy. The equilibri
distance of the Pt13 cuboctahedron cluster is 5.1 a.u., whic
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TABLE V. Spin configuration around Fermi level and total energy of Pd13 icosahedron cluster.DE is the
difference of total energy from the spin restricted result of LSDA. Superscript ‘‘g’’ represents a value a
equilibrium spacing of GGA. The other values are calculated at equilibrium spacing of LSDA.

Spacing Spin configuration DE by LSDA DE by GGA
S ~a.u.! Majority-spin Minority-spin ~Hartree! ~Hartree!

0 5.1 hg ~shell-2d! 0 hg ~shell-2d! 0 0.0
5.0g t1u ~shell-2p* ! 0 t1u ~shell-2p* ! 0 20.009g

t2g 2 t2g 2
hg 5 hg 5
t1g 3 t1g 3

2 5.0 hg ~shell-2d! 0 hg ~shell-2d! 0 20.014
t1u ~shell-2p* ! 1 t1u ~shell-2p* ! 0

t2g 3 t2g 0
hg 5 hg 5
t1g 3 t1g 3

3 5.0 hg ~shell-2d! 0 hg ~shell-2d! 0 20.020
t1u ~shell-2p* ! 2 t1u ~shell-2p* ! 0

t2g 3 t2g 0
hg 5 hg 4

4 5.0 hg ~shell-2d! 0 hg ~shell-2d! 0 20.029 20.043
5.0g t1u ~shell-2p* ! 3 t1u ~shell-2p* ! 0

t2g 3 t2g 0
hg 5 hg 3

5 5.0 ag 0 ag 0 10.038 10.024
hg ~shell-2d! 1 hg ~shell-2d! 0

t1u ~shell-2p* ! 3 t1u ~shell-2p* ! 0
t2g 3 t2g 0
hg 5 hg 2
t1g 3 t1g 3
b
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is almost independent of the spin configuration. The num
of unpaired electrons is increased until the total energy
comes higher than that of the system having two fewer
paired electrons. The spin configurations around the Fe
level and the total energies of LSDA and GGA are summ
rized in Table VI. The system withS53 is the most stable in
the Pt13 cuboctahedron cluster. The difference by one to
spin moment in the total energies ofS50,1,2,3 is less than
0.007 Hartree~0.19 eV! but that ofS53 andS54 is 0.022
Hartree~0.60 eV!.

The shell structure is shown in Fig. 3~a!, and the compo-
nents of each level are shown in Fig. 3~b!. The atomic
d-electron band is located in the energy range of20.35 to
20.22 Hartree for the majority spin and20.34 to 20.20
Hartree for the minority spin. The lowest level, denoted
a1g in Fig. 3~a!, corresponds to the 1s level of the shell
structure, the next two,eg andt2g are the shell-1d levels, and
the t1u state at about20.39 Hartree is the shell-1p level.
Although the magnitude of DOS is small, the shell-2s also
exists below the atomicd-band at about20.37 a.u. of both
the majority and minority spins. The bandwidth of the P13
cuboctahedron cluster is very similar to that of the Pd13 cub-
octahedron cluster. For the shell structure below thed-band,
1s, 1p, and 2s exist in the Pt13 cuboctahedron cluster, bu
1s barely exists in the Pd13 cuboctahedron cluster. The she
er
e-
-
i

-

l

s

2p* of the Pt13 cuboctahedron cluster is in the atomicd band
at about20.235 Hartree for the majority spin and at abo
20.22 Hartree for the minority spin. The Fermi level
formed by the atomicd band in the Pt13 cuboctahedron clus
ter. The total energy becomes higher when thet2g state of
the shell-2d is occupied, which corresponds to theS54 sys-
tem.

2. The Pt13 icosahedron cluster

We analyzed the Pt13 icosahedron cluster in the sam
way. The equilibrium spacing of the Pt13 icosahedron clus-
ters is 5.0 a.u., which is almost the same as that of the
restricted result. The spin configurations around the Fe
level and the total energies of LSDA and GGA are summ
rized in Table VII. The system withS54 is the most stable
in the Pt13 icosahedron cluster, which is one total spin m
ment larger than that of the Pt13 cuboctahedron cluster. Th
total energy difference by one total spin moment ofS
50,1,2,3,4 is less than 0.005 Hartree~0.14 eV! and the dif-
ference betweenS54 andS55 is 0.024 Hartree~0.65 eV!.
The shell structure of theS54 system is shown in Fig. 4~a!,
and the components of each level are shown in Fig. 4~b!. The
atomic d-electron band is located in the energy range
20.355 to20.21 Hartree for the majority spin and20.34 to



one

1670 PRB 58NORIKO WATARI AND SHUHEI OHNISHI
FIG. 2. ~a! Energy levels and the density of states~DOS! of Pd13 icosahedron cluster.s, p, d, f , g, andh indicate the partial DOS of
each molecular orbital projected at the cluster center.Rmax for expansion is 15 Å. The upper figure is for the majority spin and the lower
is for the minority spin.~b! Same as~a! but augmented at 13 Pd atom sites withRmax51.6 Å.
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20.19 Hartree for the minority spin, which is very similar
that in the cuboctahedron cluster. The lowest level, deno
as a1g in Fig. 4~a!, corresponds to the 1s level of the shell
structure, the next one,hg , is the shell-1d level, and thet1u
state at about20.405 Hartree is the shell-1p level. Since the
symmetry of an icosahedron is higher than that of a cub
tahedron, its shell structure is clearer. All the levels havin
comparatively large atomics-component can be consistent
assigned to the shell structure shown in Fig. 4~b!. The shell
structure in the atomicd-band is thought to split into bond
ing and antibonding levels, as seen for the shell-1d or -2p.
The Fermi level is formed by the atomicd-band in the Pt13
icosahedron cluster. The total energy becomes higher w
thehg state of the shell-2d is occupied, which corresponds t
the S55 system. The difference between LDA and GG
potentials is negligible in the Pt13 clusters.

D. Spin-orbit splitting

The nonlocal angular-momentum-dependent poten
V̂l

ion(r ) is defined as an average pseudopotential of the
ferent j 5 l 6 1

2 states, and the spin-orbit-interaction potent
V̂l

so is given by the difference of thej -dependent potentials
Applying the pseudopotential parameters of Bacheletet al.,13

we can evaluate effects of the spin-orbit interaction on
states of Pd or Pt clusters using the following equations:
d

c-
a

en

al
f-
l

e

Pn i ,lm~r i !5E c~r i !Ylm~r i !dV i , ~8!

r i<Rmax, ~9!

en i ,l5(
m

E Pn i ,lm~r !V̂l
so~r !Pn i ,lm~r !r 2dr, ~10!

jn l5(
i

en i ,l , ~11!

where the subscripti indicates the atomic site on which th
pseudopotential is located.Rmax is about 3 a.u.

Tables VIII and IX show the values ofjnd in Eq. ~11! for
the eigenstates of the Pd13 and the Pt13 cuboctahedron clus
ters around the Fermi level in the spin-restricted calculati
The average strength of spin-orbit splitting of the Pd13 clus-
ter is 0.007 Hartree, which is one-third of the value for t
Pt13 cluster, 0.02. The magnitude of the spin-orbit splitting
the shell states is smaller than this, 0.002 to 0.004 Hartree
Pd and 0.008 to 0.018 Hartree for Pt. Although the splitti
energy is small, the LUMO and HOMO of Pd13 could
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TABLE VI. Spin configuration around Fermi level and total energy of Pt13 cuboctahedron cluster.DE is
the difference of total energy from the spin-restricted result of LSDA. Superscript ‘‘g’’ represents a value
at equilibrium spacing of GGA. The other values are calculated at equilibrium spacing of LSDA.

Spacing Spin configuration DE by LSDA DE by GGA
S ~a.u.! Majority-spin Minority-spin ~Hartree! ~Hartree!

0 5.1 a2g 0 a2g 0 0.0 20.001
5.1g t1g 1 t1g 1

eg 2 eg 2

1 5.1 a2g 0 a2g 0 20.004
t1g 2 t1g 0
eg 2 eg 2
t1g 3 t1g 3

2 5.1 a2g 0 a2g 0 20.010 20.013
t1g 3 t1g 0
eg 2 eg 1
t1g 3 t1g 3

3 5.1 t2g 0 t2g 0 20.017 20.027
5.1g a2g 1 a2g 0

t1g 3 t1g 0
t2u 3 t2u 1
eg 2 eg 2
t1g 3 t1g 3

4 5.1 eg 0 eg 0 10.006 20.004
a1u 0 a1u 0
t2g 1 t2g 0
a2g 1 a2g 0
t1g 3 t1g 0
eg 2 eg 0
t2u 3 t2u 2
t1g 3 t1g 3
t2g 3 t2g 3
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change places since the energy gap of the LUMO~shell-
2p* ! and the HOMO of the Pd13 cuboctahedron cluster i
only 0.002 Hartree.

In Figs. 5~a! and 5~b! the diagrams of the spin-orbit split
ting around the Fermi level are shown for the Pd13 and Pt13
cuboctahedron clusters. The splitting is analyzed in the o
electron approximation because of the Kohn-Sham sche
Only the first-order perturbation of the orbital energy with
its representation is taken into account. For the Pd clus
the number of electrons on the left side of the diagram is
and they can consistently occupy up to theG8 state at
20.2141 Hartree on the right side and form the closed
bital system again. The change in the total energy by
spin-orbit splitting is estimated to be20.0122 Hartree,
which shows the stabilization by the spin-orbit splittin
There are 34 electrons on the right side of the diagram for
Pt13 cluster. When these electrons are put into the orbital
the order of energy of the right side, the electrons occupy
to two states ofG8 at 20.2042 Hartree. The change in th
total energy by the spin-orbit splitting is estimated to
20.0820 Hartree.

Tables X and XI show the values ofjnd in Eq. ~11! of the
eigenstates for the Pd13 and Pt13 icosahedron clusters. Fig
e-
e.

r,
0,

r-
e

e
in
p

ures 6~a! and 6~b! are those diagrams considering the sp
ting by the symmetry around the Fermi level. The values
jnd are similar to those of the cuboctahedron clusters but
widths of the split are larger due to the symmetry of t
icosahedron. The change in the total energy by the spin-o
splitting is estimated to be20.0300 and20.1082 Hartree
for Pd and Pt, respectively. The icosahedron clusters g
more stabilization energy than the cuboctahedron cluster

E. Jahn-Teller distortion

Since the Pd13 icosahedron cluster and the Pt13 clusters
have an incompletely occupied HOMO, we need to consi
the Jahn-Teller distortion. The Pd13 cuboctahedron cluste
also has unexpected degenerate orbitals at the HOMO
cording to the GGA calculation, which rouses our interest
the effect of the distortion. We calculated the force on t
restricted orbital systems by the scheme explained in the
pendix. The Jahn-Teller theorem in the one-electron appr
mation requires the following splittings:

Pd13 icos: T2g3T2g5T2g1Ag1Hg ,
Pt13 icos: T1g3T1g5T1g1Ag1Hg ,
Pt13 fcc: T1g3T1g5T1g1T2g1A1g1Eg .
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FIG. 3. ~a! Energy levels and the density of states~DOS! of Pt13 cuboctahedron cluster.s, p, d, f , g, andh indicate the partial DOS of
each molecular orbital projected at the cluster center.Rmax for expansion is 15 Å. The upper figure is for the majority spin and the lower
is for the minority spin.~b! Same as~a! but augmented at 13 Pt atom sites withRmax51.6 Å.
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Since the Pd13 cuboctahedron cluster has the closed HOM
we did not estimate the Jahn-Teller effect. We have analy
the force vectors by projecting to symmetrized atom
p-orbitals. The largest component belongs toHg for the
icosahedron clusters of both Pd and Pt metals. The Pt13 cub-
octahedron cluster belongs toT2g . We adopt these symme
trized force vectors as the distortion directions and minim
the total energy within the distortion in these directions. T
distorted clusters are inC2h and D4h symmetries for the
icosahedron clusters and the Pt13 cuboctahedron cluster, re
spectively. The total energy of the Pd13 icosahedron cluster is
lowered 0.001 Hartree with 4% distortion of the cluster sp
ing, and that of the Pt13 icosahedron cluster is lowered 0.00
Hartree with 2% distortion of the cluster spacing. The Ja
Teller distortion of the Pt13 icosahedron cluster is shown i
Fig. 7. For the Pt13 cuboctahedron cluster, the total energy
lowered 0.001 Hartree with 0.4% distortion of the clus
spacing.

IV. DISCUSSION

The total energy and shell structure analysis shows
the spin configuration is related to the shell structure. T
difference in the total energy of the different configurati
for the atomicd-band state is smaller than about 0.005 H
tree, but that of the different configuration for the shell stru
,
d

e
e

-

-

r

at
e

-
-

ture is more than 0.02 Hartree. The shell structure is oc
pied mainly by the atomics electrons. The total energ
becomes higher when the occupation changes across th
ergy gap of the shell structure. Unless the higher level of
shell structure is newly occupied, the higher spin state
more stable. That is, Hund’s rule applies.

The configuration of the shell structure seems to be
cided by the number of atomics electrons. The Au13 cluster
is well understood as the spherical jellium model of
atomics-valence electrons,11 which has five electrons in the
shell-d state and which corresponds to the model with
region of the atomicd-band removed. The schematic ener
level diagram for Pd13, Pt13, and Au13 is shown in Fig. 8,
which removes the differences by the symmetry. In contr
to the Au13 cluster, the Pd13 cluster has no shell-2d electron
and partially has the shell-2p electrons. The Pt13 cluster is
comprehended as a system having five fewer shell-elect
than the Au13 cluster. The distinctive feature of the Pd13 clus-
ter is the unoccupied shell-2p* state at just on the Ferm
level. The Pd13 cluster seems to have a larges-electron af-
finity.

The effects of the GGA are not negligible, especially f
the Pd13 clusters. The total energies are lowered about 0
Hartree and the higher spin polarization states become m
stable, which is the opposite result of the LSDA. For the
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TABLE VII. Spin configuration around Fermi level and total energy of Pt13 icosahedron cluster.DE is the
difference of total energy from the spin restricted result of LSDA. Superscript ‘‘g’’ represents a value a
equilibrium spacing of GGA. The other values are calculated at equilibrium spacing of LSDA.

Spacing Spin configuration DE by LSDA DE by GGA
S ~a.u.! Majority-spin Minority-spin ~Hartree! ~Hartree!

0 5.0 t2g 0 t2g 0 0.0 20.001
5.0g t1g 2 t1g 2

hg 5 hg 5

1 5.0 t2g 0 t2g 0 20.003
t1g 3 t1g 1
hg 5 hg 5

2 5.0 hg ~shell-2d! 0 hg ~shell-2d! 0 20.002
t2g 1 t2g 0
t1g 3 t1g 0
hg 5 hg 5

3 5.0 hg ~shell-2d! 0 hg ~shell-2d! 0 20.004
t2g 2 t2g 0
t1g 3 t1g 0
hg 5 hg 4

4 5.0 hg ~shell-2d! 0 hg ~shell-2d! 0 20.009 20.011
5.0g t2g 3 t2g 0

t1g 3 t1g 0
hg 5 hg 3

5 5.0 ag 0 ag 0 10.015 10.009
hg ~shell-2d! 1 hg ~shell-2d! 0

t2g 3 t2g 0
t1g 3 t1g 0
hg 5 hg 2
t1u 3 t1u 3
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clusters, the effect of the GGA is not so serious. The chan
in the total energy are60.001 Hartree and the electron
structures are unchanged. The difference between Pd an
in the effect of the GGA is thought to result from their ele
tronic structures. The Fermi level is located at the edge of
d band of the Pd clusters. Furthermore, there exists the s
2p state, therefore the total energies of the Pd clusters
inevitably sensitive to the exchange-correlation potent
which depends or does not depend on the derivative of
charge density. On the other hand, the Fermi level of the
clusters is located in thed band. A little change of the loca
tion of the Fermi level does not change the derivative of
charge density and the converse will hold.

The effect of the spin polarization (DEsp) is 0.01–0.035
Hartree. The effects of the spin-orbit splitting (DEso) are
0.01–0.03 Hartree for the Pd clusters, and 0.08–0.1 Har
for the Pt clusters. The spin-orbit splitting depends on
cluster symmetry and the stabilization of the icosahed
cluster is larger than that of the cuboctahedron one.
Jahn-Teller effect (DEJT) is small, the change in the tota
energy is the order of 0.001 Hartree. The higher symme
seems to be favorable in the microclusters of 13 atoms
es

Pt
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e
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ee
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keep their electronic shell structures. Taking all these effe
into account, the stable structures of Pd13 and Pt13 clusters
are predicted as follows:

DEtot[@Etot
GGA~ icos!1DEso~icos!1DEsp~icos!1DEJT~icos!#

2@Etot
GGA~ fcc!1DEso~fcc!1DEsp~fcc!1DEJT~fcc!#,

~12!

DEtot~Pd!5~2376.54020.03020.03420.001!

2~2376.58820.01220.015!510.010,

~13!

DEtot~Pt!5~2341.75220.10820.01020.003!

2~2341.80320.08220.02620.001!510.039.

~14!

For both Pd and Pt metals the cuboctahedron clusters
more stable.

For the Pd13 clusters we found two relevant works com
paring with our results. One is that of Reddyet al. using a
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FIG. 4. ~a! Energy levels and the density of states~DOS! of Pt13 icosahedron cluster.s, p, d, f , g, andh indicate the partial DOS of each
molecular orbital projected at the cluster center.Rmax for expansion is 15 Å. The upper figure is for the majority spin and the lower on
for the minority spin.~b! Same as~a! but augmented at 13 Pt atom sites withRmax51.6 Å.
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density-functional scheme with the discrete variatio
method~DVM ! with numerical bases or a Gaussian bas2

The spin-polarized icosahedron cluster is the most sta
The difference between the icosahedron cluster and the
octahedron cluster in the total energy isDE(icos-fcc)
520.018 Hartree. Another is that of Estiu´ et al. with the
intermediate neglect of differential overlap~INDO! model at

TABLE VIII. Estimate of the spin-orbit interaction strengthjnd

around the Fermi level for the Pd13 cuboctahedron cluster.

Representation Energy~Hartree! jnd

t2g ~shell-2d! 20.145 740 0.001 762
a1u 20.184 570 0.008 264
t1u ~LUMO, shell-2p! 20.207 640 0.004 265
eg ~HOMO! 20.212 900 0.007 688
t2g 20.213 110 0.007 292
a2g 20.214 090 0.007 602
t1g 20.214 140 0.007 628
t2u 20.218 090 0.007 247
t1g 20.218 360 0.007 183
eu 20.221 810 0.007 401
t2u 20.223 440 0.007 463
l
.
le.
b-

the self-consistent-field–configuration-interaction~SCF-CI!
level.3 The triplet icosahedron cluster is the most stable a
this cluster is to be distorted by the Jahn-Teller effect. T
distortion vector belongs to theHg representation, which is
the same as our result. The difference between the icos
dron and cuboctahedron clusters in the total energy
DE(icos-fcc)520.067 Hartree.

The total energy of the cuboctahedron cluster is low
than that of the icosahedron cluster only in our res

TABLE IX. Estimation of the spin-orbit interaction strengthjnd

around the Fermi level for the Pt13 cuboctahedron cluster.

Representation Energy~Hartree! jnd

a1u 20.172 380 0.024 787
t2g ~shell-2d! 20.185 680 0.013 892
a2g ~LUMO! 20.214 400 0.022 928
t1g ~HOMO! 20.215 890 0.023 329
eg 20.220 130 0.023 426
t1g 20.221 410 0.022 843
t2g 20.222 340 0.022 547
t2u 20.222 660 0.021 493
eu 20.226 880 0.022 710
t2u 20.226 920 0.021 950



r
u-
u

en
ron
his

ion

om-

of
nd

do-
ree

m
e

d

PRB 58 1675ATOMIC AND ELECTRONIC STRUCTURES OF Pd13 . . .
@DE(icos-fcc)50.048 Hartree with the GGA#. The two re-
sults except ours show that theS50 state ofA1g is the most
stable in the cuboctahedron symmetry. For the icosahed
cluster of theS50 state, the ordering of the frontier molec
lar orbitals in our result is almost the same as in Esti´ ’s
result but for the position of thea1g state corresponding to

FIG. 5. ~a! The diagram of spin-orbit splitting of HOMO an
LUMO of Pd13 cuboctahedron cluster.~b! The diagram of spin-orbit
splitting of HOMO and LUMO of Pt13 cuboctahedron cluster.
on

the shell-3s state. In the icosahedron cluster, the higherS
state is more stable~until the shell-2d state is occupied! in
Reddy’s and our calculations. The crucial difference betwe
our result and the other two results is that the cuboctahed
cluster is stabler than the icosahedron cluster for Pd. T
might be due to the accuracy of the numerical calculat
and the treatment of the core electrons.

The present calculations were done on an NEC superc
puter SX-4 system~8 CPU’s with 16 Gbyte memory!. The
program codes were fully parallelized for the number
atomic sites. The time-consuming calculations of GGA a
the forces were efficiently processed.

APPENDIX

In the present LCPSAO scheme with the nonlocal pseu
potential term, the gradient force is represented by th
main terms, the Hellmann-Feynman forceFHF, the basis-set
correction termFBS, and the density-basis correction ter
FDB. The main part for this force calculation is that of th
nonlocal potential part,

Fi52
]EH

]Ri
5Fi

HF1Fi
BS1Fi

DB , ~A1!

Fi
HF52(

n
f nK cnU ]H̃

]Ri
UcnL U

r̃

2
]ENN

]Ri
, ~A2!

TABLE X. Estimation of spin-orbit interaction strengthjnd

around the Fermi level for the Pd13 icosahedron cluster.

Representation Energy~Hartree! jnd

t1u ~LUMO, shell-2p! 20.207 720 0.004 330
t2g ~HOMO! 20.208 730 0.007 855
hg 20.211 310 0.007 525
t1g 20.217 600 0.007 585
hu 20.224 950 0.007 335
gu 20.225 160 0.007 081

TABLE XI. Estimation of spin-orbit interaction strengthjnd

around the Fermi level for the Pt13 icosahedron cluster.

Representation Energy~Hartree! jnd

hg ~shell-2d! 20.176 890 0.013 925
t2g ~LUMO! 20.207 900 0.023 549
t1g ~HOMO! 20.217 770 0.023 142
hg 20.218 310 0.023 328
t1u 20.226 810 0.018 509
hu 20.229 990 0.022 338
gu 20.235 260 0.021 883
gg 20.245 330 0.021 296
t2u 20.247 850 0.020 863
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Fi
BS52(

n
f nE ]cn* ~r !

]Ri
H̃cn~r !dr1c.c., ~A3!

Fi
DB5E dr~r !F ]f̃~r !

]Ri
1

]r̃~r !

]Ri

dVXC~ r̃ !

dr̃
Gdr . ~A4!

FIG. 6. ~a! The diagram of spin-orbit splitting of HOMO an
LUMO of Pd13 icosahedron cluster.~b! The diagram of spin-orbit
splitting of HOMO and LUMO of of Pt13 icosahedron cluster.
FHF in Eq. ~A2! is given by the derivative of potential ene
gies explicitly dependent onRi by fixing r̃. Averill-Painter’s
density-basis correction termFDB comes from theRi depen-
dence, wherer̃ represents the input charge density andr
represents the output charge density of the SCF calcula
When good convergence is attained in the SCF, this dens
basis correction term is negligible.

Computational details are as follows. The first term inFHF

is given by

]ENN

]xi
52(

iÞ j

ZiZj

uRi2Rj u
~xi2xj !

uRi2Rj u
, ~A5!

whereRi5(xi ,yi ,zi).
The nonlocal pseudopotential term is given by the dir

numerical differentials of Richardson’s extrapolations a
the contribution from theVcore term is given analytically,

FIG. 7. The Jahn-Teller distortion of the Pt13 icosahedron clus-
ter. The length and thickness of the distortion arrow are in prop
tion to the magnitude of the distortion vector.

FIG. 8. The schematic energy level diagram for Pd13, Pt13, and
Au13.
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]V̂l
ion~r !

]xi
5

]V̂l
ion~r2Ri !

]xi
5H 43

V̂l
ion~r2Ri22Dx!2V̂l

ion~r2Ri12Dx!

4Dx
2

V̂l
ion~r2Ri2Dx!2V̂l

ion~r2Ri1Dx!

2Dx J Y3.

~A6!

Dx is a minute value forx,y,z directions. The effect of Richardson’s extrapolation isO(1023).
The basis-set correction termFBS is also calculated numerically,20

Fi ,x
BS5 K ]cn

]xi
uH̃ucnL 1c.c. ~A7!

5H E F (
j lm, j Þ i

cj lm
n x j lm

1(
i lm

cilm
n x i lm~r2Ri2Dx!GH̃cndr2E F (

j lm, j Þ i
cj lm

n x j lm

1(
i lm

cilm
n x i lm~r2Ri1Dx!GH̃cndr J /2Dx1c.c., ~A8!

cn[(
j lm

cjlm
n x j lm ,

where the kinetic energy part is evaluated by

2
1

2
¹2x j lm5@eatom

l 2Vval
atom~r !2V̂N~r !#x j lm . ~A9!
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