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Atomic and electronic structures of Pd; and Pt;5 clusters
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The electronic structures of Rgand Pt 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 localizbarPeit4d
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 polari&ti@nfor the Pd cluster an8=4 for
the Pt cluster[S0163-18208)02527-7

[. INTRODUCTION =2 shell, which explains well the structure of the cluster
with adsorbed hydrogen.

The spin configuration of a microcluster is important to  Microclusters of Pd and Pt are also important as industrial
determine the stable structure of an isomer or its magnetisntatalysts. They are used for various oxidation, hydrogena-
Reddy et al. reported that 13-atom clusters ofidand 41  tion, and  dehydrogenation  reactions  involving
metals, especially in the icosahedral symmetry, have nonzetaydrocarbong? It is known that the catalytic activity may
magnetic moments? and this is why the icosahedron struc- often be improved by adding small amounts of alkali metals.
ture is the most stable for Pgd Rh;3, Ry 3, and Fg;. Re-  The mechanism of these catalytic processes is not under-
cently the magnetism of the Pd cluster was discussed interstood theoretically. It may be related to the fundamental
sively and suspected to have no magnetic momettiao  properties of microclusters.
et al. have shown that the magnetic-nonmagnetic transition In this paper we address the discussion of the interrelation
in nonmagnetic @8 and 40 metal clusters is roughly esti- between the shell structure and the spin configuration, the
mated by a simple analytic equation based on a tight-bindingffect of the generalized gradient approximati@GA) for
Friedel modé! and this generally agrees with recent experi-the exchange-correlation potential, the effect of spin-orbit
mental result8~” The magnetism emerges when the clusterinteraction, and the Jahn-Teller effect. Section Il describes
size becomes smaller and the critical size for Pd calculatedur method. Section Il presents the results of total energy
by Zhao's scheme is 8. The magnetic moment fof;Ral-  analysis of the different spin configurations of the Pd and Pt
culated by Reddgt al.is 0.43ug/atom? which is consistent ~ clusters of the 13-atom icosahedron and cuboctahedron, the
with the experimental upper bound ef0.40ug/aton? pal-  shell structure analysis, the spin-orbit interaction analysis,
ladium clusters being essentially nonmagnetic. and the effect of Jahn-Teller distortion. Section IV discusses

Our previous calculation on Rtclusters using the spin these results in general.
restricted approximation proposed that the cuboctahedron
cluster was the most stable within that approximation, but
the state was not a closed sHeNoble metal clusters of 13
atoms, which have one delocalized valence electron and a The linear combination of norm_conserving pseudopoten_
closed atomicd-shell per atom, are understood as a shelkia| atomic orbitals(LCPSAO method is characterized by
structure ofs-electrons that is interacting with the atomic introducing the well known effective core potenttdland
d-electron-band:™* The shell structure of transition-metal the nodeless radial wave function, which are determined by
clusters was also investigated for Ni clusters with discretethe self-consistent solution of the Dirac equation for a single
variationalXa (DV-Xa) by Fujimaet al* and for Ptwith a  atom. Details of the calculation scheme are described in our
pseudopotential by Watari and Ohni§hFujima’'s group previous papergll1415
analyzed the shell structure apart from the atohlzand and The total Hamiltonian for the present system is written as
labeled X,1p,1d, ... shells across the atomit-band. We
concluded that the shell structure also exists in the atomic
d-_band, then=1 shell terminates there, and that it is appro- H,=|— %V2+2 VP(r—R)+ V(0 |, 1)
priate to label the one above the atondéband as then il

Il. CALCULATION METHOD
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TABLE I. Summary of spin restricted resul(tcDA).

o i HOMO LUMO

Cluster Equilibrium spacingTotal energy HOMO-LUMO gap
(sym) (a.u) (Hartre¢  sym. energy sym. energy (Hartree
Pdyfcc (Oy) 5.1 —376.578 e4(4) —0.2129 t;, —0.207 64 0.005 26
Pdysfce (Dsq) 5.1 —376.580
Pdyzicos (1) 5.1 —376.531 ty4(4) —0.208 73 t;, —0.207 72 0.001 01
Pdjsicos (D3q) 5.1 —376.529
Pt,sfcc (Oy) 5.1 —341.802 t,4(2) —0.21589 a,; —0.214 40 0.001 49
Ptfce (Daq) 5.1 —341.801
Ptsicos (1) 5.0 —341.751 t,4(4) —0.217 77 t,; —0.207 90 0.009 87
Pt,5icos (Dag) 5.0 —341.751

H g% =ey", ) Ill. RESULTS

A. Summary of spin restricted results

where R; is the atomic sitei. VI® is the effective core g equilibrium cluster size, the total energy, and the
p;eudopotennal for the atom located at the Rie WhICh IS HOMO-LUMO orbitals of Pds and Pt clusters obtained by
given by the sum of the long-range core poteniahdr) the spin restricted calculation are summarized in Table I. The
and the nonlocal angular-momentum-dependent potentiglsier size is denoted by the distance between the center
Vio'(r). 12 v, is the sum of Coulomb potentialc and the  atom and a peripheral atom. The distance between the pe-
exchange-correlation potentiaVy- given by Vy(r) ripheral atoms is equal to that between the center atom and a
=9Exc/dp,(r), where Exc[p,s] is the exchange- peripheral atom in the cuboctahedron cluster, but in the
correlation energyy ande? are the wave function and the icosahedron cluster the distance between the peripheral at-
eigenvalue of the state and spino. p(r) is the electron oms is 5% longer than that between the center atom and a
density. We use the spin-polarized exchange-correlation erperipheral atom. The experimental nearest-neighbor dis-
ergy given by Perdew and Zung®rand the generalized gra- tances of the bulk are 5.198 a.u. for Pd and 5.242 a.u. for Pt.
dient approximatiofGGA) of the Perdew-Burke-Ernzerhof The distances between the center atom and a peripheral atom
(PBE) formula as the GGA functiondf. are 2% smaller in Pd clusters, 3% smaller in the Pt cubocta-
The nodeless feature of atomic radial wave functionshedron cluster, and 5% smaller in the Pt icosahedron cluster.
made it feasible to perform numerical integrations for over-The interatomic distances in microclusters generally shrink.
lap and Hamiltonian matrix elements in the standard LCAOThe HOMO's are not closed orbitals except for the;fd
scheme. Multicenter numerical integration is transformed tccuboctahedron cluster and so spin unrestricted calculations
a single-center one by applying Becke’s algorittin. are needed. The LUMO's of both Pd clusters are the shell-2
The variational basis functions of this Hamiltonian arestates of a big atom, which we describe in detail in the fol-
atomic orbitalsy;m(|r|)= ¢,(|r])Yim(8,¢), which are given lowing subsections. To check the effect of the symmetrized
by solving theSchralingerequation for the norm-conserving orbital, the common symmetry subgroup fof andl,, D3q
pseudopotential self-consistently. The molecular orbjtal is also used for the total energy calculation at the equilibrium
represented by the linear combination of symmetrized orbitspacing. The difference using the symmetrized orbital is
als is determined by the standard density-functional schem@bout 0.002 Hartree.
The total energy is given by Table 1l shows the results with the GGA potential. The
changes in the total energy are abetd.01 Hartree for the
Pd,; clusters and about 0.001 Hartree for the Pfclusters.

1 rp(r’
Eror= 2>, flel—= f f Lp(,)dfdf’ﬂfxc The equilibrium spacing of the Rglicosahedron cluster is
.0 2 [r=r'] slightly (2%) shrinked. The electronic structures are un-
7 changed.
T

7.
-3 JPU(V)VXC(P(V)'S)dr+i2<j RoR] @

B. Pd,; clusters

wheref? is the occupation number at the eigenstafer o 1. The Pd; cuboctahedron cluster

spin state. By specifying the number of unpaired electrons of the
The Coulomb energy requires the highest accuracy in desystem and scaling the cluster size by the distance between
termining the total energy of the cluster. In the LCPSAOthe center atom and a peripheral atom, we have determined
method, the Coulomb potential is calculated by the sum othe self-consistent total energy. The total spin is polarized
the potential of each atomic site due to the charge densityntil the total energy becomes higher than that of the system
projected onto spherical harmonics witk 0,...,8. with one less total spin. The spin configurations around the
In this work we used a cuboctahedron and an icosahedroermi level and the total energies by LSDA are summarized
for 13-atom clusters. in Table lll. The system witts=0 has a closed orbital struc-
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TABLE Il. Summary of spin restricted resul{&GA).

o ) HOMO LUMO
Cluster Equilibrium spacingTotal energy HOMO-LUMO gap
(sym) (a.u) (Hartre¢ sym.  energy sym. energy (Hartree
Pdyfcc (Oy) 5.1 —376.588 e4(4) —0.21409 ty, —0.209 24 0.004 85
Pdyzicos (1) 5.0 —376.540 t,,(4) —0.21086 ty, —0.21041 0.000 45
Pt,sfcc (Oy,) 5.1 —341.803 t;4(2) —0.21594 a,, —0.21446 0.001 48
Ptyzicos (1) 5.0 —341.752 t,4(4) —0.21789 t,; —0.20801 0.009 88

ture and the most stable total energy and the energy gap for A ~

other systems is on the order of 0.001 Hart{@€3 e\). Our ohim= f (Pim(r))?rédry, )
result agrees with the report by Reddyal? that the Pg
cuboctahedron cluster has no magnetic moment by their LDF
solution.

Table IV summarizes the results with the GGA potential.
The basic electronic structure is not altered. The energies of
the systems that have larger spin-polarization are more stable
with the GGA potential, which is the most prominent differ- 1= Rmax; @)
ence from the results with LSDA potential. ) ] . .

We have also analyzed the shell structure by the one- TABLE IV. Spin configuration around Fermi level and total

center spherical harmonics expansion of the density of staté&1€r9Y of P& cuboctahedron cluster with GGAE is the differ-
(DOS) using the following schem®: ence of total energy from the spin restricted result of GG/ARat

I’j=|l’—Rj|, (6)

=5.1.
o ey o Spacing Spin configuration AE
i )_J’ Y)Y im(r;) €Yy, @ S  (au) Majority-spin Minority-spin  (Hartree
TABLE IIl. Spin configuration around Fermi level and total O 5.1 ty, (shell-2p*) O ty, (shell-20*) 0 0.0
energy of Pgs cuboctahedron cluster by LSDAE is the differ- €y 2 € 2
ence of total energy from the spin restricted result. tog 3 tyg 3
Spacin Spin configuration AE

S (Zl.u) ’ Majority-s::in gMinority-spin (Hartree 1 51 B 0 B 0 -o0o001
ti, (shell-2p*) 1 tq, (shell-2p*) O
0 5.1  tq, (shell-2p*) 0 tq, (shell-2p*) O 0.0 tig 3 tig 2
€y 2 €y 2 €y 2 €y 2
ayg 1 Ay 1 tog 3 tog 3
tag 3 tag 3 ayg 1 ayg 1

1 5.1 ay, 0 ay, 0 +0.004 2 5.1 a, 0 a, 0 -0.004
ty, (shell-2p*) 1 ty4, (shell-2p*) O ty, (shell-2p*) 2 t4, (shell-2p*) 0
€y 2 €y 2 agg 1 aog 1
tig 3 tag 3 € 2 € 2
ayg 1 ayg 1 tog 3 tog 3

2 5.1 a, 0 a, 0 +0001 3 5.1 a, 0 a, 0 -0.015
ty, (shell-2p*) 2 ty, (shell-2p*) O ty, (shell-2p*) 3 ty, (shell-2p*) 0
tyg 3 tig 1 tig 3 tig 0
Ayg 1 Ayg 1 Ayg 1 Ay 1
€y 2 €y 2 €y 2 €y 2

3 5.0 ag, 0 ar, 0 +0.013 4 5.1 aiy 1 aiy 0 -—0.008
ty, (shell-2p*) 3 ty, (shell-2p*) 0O ty, (shell-2p*) 3 ty, (shell-2p*) 0
tig 3 tig 0 tig 3 tig 0
tag 3 tag 3 ayg 1 ayg 0
€y 2 €y 2 tog 3 tog 3
Ayg 1 ayg 1 €q 2 €q 2
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0.007 rotal s > d p h smaller than that of the shelld] for thes-coefficient ratio of
- tuiso) C 2 the shell- is larger than that of the shelldland the posi-
o __a’(‘;)” tion of the shell-P is the edge of the atomid-band. Thet,,
state just above the Fermi level whos@omponent is ex-
tremely large is the shell{2 state. The total energy be-
comes higher when the shelp? state is occupied in the
£ | twiop o, g LSD approximation but this does not hold for GGA. The
e higher spin state of GGA is stabler than the closed orbital
structure. The HOMO corresponds to the shejl-Which is
shown in Fig. 1.
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| teg(ld) .
L agts) —— caita) 2. The Pd icosahedron cluster

(a) -0.40 1 The icosahedron cluster of the Rds analyzed in the
same way as the Rglcuboctahedron cluster. The spin con-
total s p d figurations around the Fermi level and the total energies are
L summarized in Table V. The results of both LSDA and GGA
potentials are listed together because there is no prominent
B ] difference. The system @&=4 is the most stable in the Pd

2 1 - icosahedron cluster, whose total energy is similar to $he
=3 system of the Pd cuboctahedron cluster. The cubocta-
A hedron cluster is more stable than the icosahedron cluster in
i Pd,5 clusters.

The shell structure of th&=4 system is shown in Fig.
2(a), and the components of each level are shown in Fig.
2(b). The atomicd-electron band is located in the energy

: range of about-0.33 to—0.22 Hartree for the majority spin
(b) 9407 and about—0.32 to —0.20 Hartree for minority spin. The
atomic d-band is further divided into two regions from the

FIG. 1. (a) Energy levels and the density of stat®¥DS) of Pdi;  point of view of the blending of the atomgsorbital. In the
cuboctahedron clustes,_ p, d, f_, g, andh indicate the partial DOS region lower than-0.28 Hartree, the atomiscomponent is
of each mqlecular orbital projected at the cluster cerfRgy,, for rather large. The lowest level denoted &g, in Fig. 2@
expansion is 15 A(b) Same aga) but augmented at 13 Pd atom corresponds to thesllevel of the shell structure, which is
sites WithRpnp=1.6 A. almost degenerate with the next levellgf in the majority

spin. Thet,, state at about-0.33 to —0.32 Hartree of the
wherep? is the molecular orbital density of statef spino. edge of the atomid-band is the shell-4 level. The reason
Figure 1a) shows energy levels and the DOS of the,Pd for the inversion of the shell{f and -1d states is the same as
cuboctahedron clustes, p, d, f, g, andh indicate the par- that for the cuboctahedron cluster: the interaction between
tial DOS, ¢9,,,, of each molecular orbital projected at the the shell-H with the atomicd-band. Thet,, states just
cluster center wittR,,=15 A. Comparing with the jellium above the Fermi level in the majority spin and just below the
shell modef'® these states can be identified with the shellFermi level in the minority spin whoss-component is ex-
structure. The electronic structure otlametal cluster could —tremely large are the shelli2 states. The energy levels in
be understood as a complex system of the shell structure ari@e atomicd-band, which have comparatively large atomic
the atomicd-band®*%® The orbital components can be seenS-component, can be regarded as the shell states. Those are
by Fig. 1(b), where the DOS is projected at each Pd site withlabeled in Figs. &) and 2b).
Rmax=1.6 A and accumulated for 13 Pd atoms. To compare N the icosahedron cluster, ti=0 system does not have
the orbital Components by the coefficient of the atomic or-@ closed Orbital, Un”k.e that of the CUbOC-)tahEdror:l Cll,.lster. The
bital, 09, is divided by the degeneracy of the angular mo-tiu State corresponding to the shef2 is occupied in the
mentuml. The states whose atomorbital coefficient is ~ Majority spin of the Pgy icosahedron cluster. The total en-
larger than the atomid-orbital one are thought to construct €rdy becomes higher when tlg state of the shell-2 is
the skeleton of the shell structure. occupied, which corresponds to tBe=5 system. The gap in

The d-electron band is located in the energy range oftotal energy between the cubo_ctahedron and icosahedron
—0.33 to —0.21 Hartree, which is almost the entire region clus.ters is about 0.05 Hartree with both LDA and GGA po-
below the Fermi level. The lowest level, denotedagg, in tential.

Fig. 1(a) corresponds to thesllevel of the shell structure;

0.007]

IRl

|.Hvlul |\.||.|.
@
&

Energy (Hartree)

the next two gy andt,, of relatively larges-component, are C. Pty clusters
the shell-d levels; and the,,, state at about-0.33 Hartree, 1. The P boctahed |
the edge of the atomid-band, is the shell4 level. The - The P cuboctahedron cluster

inversion of the shell-fp and -1d states is caused by the By varying the number of unpaired electrons and the clus-
interaction between the shelldland the atomia-band. The ter spacing, we calculate the total energy. The equilibrium
interaction of the shell4 with the d-band seems to be distance of the R4 cuboctahedron cluster is 5.1 a.u., which
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TABLE V. Spin configuration around Fermi level and total energy of;Rtbsahedron clusteAE is the
difference of total energy from the spin restricted result of LSDA. Superscigpitrépresents a value at
equilibrium spacing of GGA. The other values are calculated at equilibrium spacing of LSDA.

Spacing Spin configuration AE by LSDA  AE by GGA
S (a.u) Majority-spin Minority-spin (Hartree (Hartree
0 5.1 hg (shell-2d) 0 hg (shell-2d) 0 0.0
5.09 t;, (shell-2p*) 0 ty, (shell-2p*) 0 —0.009
tog 2 tog 2
hq 5 hq 5
tig 3 tyg 3
2 5.0 hgy (shell-2d) 0 hg (shell-2d) 0 —-0.014
ty, (shell-2p*) 1 tq, (shell-2p*) 0
tog 3 tog 0
hg 5 hg 5
tag 3 tag 3
3 5.0 hg (shell-20) 0 hg (shell-2d) 0 -0.020
ty, (shell-2p*) 2 tq, (shell-2p*) 0
tog 3 tog 0
hq 5 hg 4
4 5.0 hg (shell-2d) 0 hg (shell-2d) 0 —0.029 —0.043
5.09 tq, (shell-2p*) 3 ty, (shell-2p*) 0
tog 3 tog 0
hg 5 hg 3
5 5.0 ag 0 ag 0 +0.038 +0.024
hgy (shell-2d) 1 hgy (shell-2d) 0
ty, (shell-2p*) 3 ty, (shell-2p*) 0
tog 3 tog 0
hq 5 hq 2
tyg 3 tyg 3

is almost independent of the spin configuration. The numbepp* of the Py, cuboctahedron cluster is in the atordiband

of unpaired electrons is increased until the total energy best apout—0.235 Hartree for the majority spin and at about
comes higher than that of the system having two fewer un-_q 55 Hartree for the minority spin. The Fermi level is
paired electrons. The spin configurations around the Fermpmed by the atomid band in the Bt cuboctahedron clus-
level and the total energies of LSDA and GGA are summaser. The total energy becomes higher when thgstate of

rized in Table VI. The system witB= 3 is the most stable in 6 shell-21 is occupied, which corresponds to tBe 4 sys-
the Pt3 cuboctahedron cluster. The difference by one totakgy, '

spin moment in the total energies §&0,1,2,3 is less than
0.007 Hartreg0.19 eV but that ofS=3 andS=4 is 0.022
Hartree(0.60 e\).

The shell structure is shown in Fig(é8, and the compo- We analyzed the B4 icosahedron cluster in the same
nents of each level are shown in Fig(bB The atomic way. The equilibrium spacing of the Rticosahedron clus-
d-electron band is located in the energy range-@.35 to  ters is 5.0 a.u., which is almost the same as that of the spin
—0.22 Hartree for the majority spin and0.34 to —0.20  restricted result. The spin configurations around the Fermi
Hartree for the minority spin. The lowest level, denoted adevel and the total energies of LSDA and GGA are summa-
a;q in Fig. 3(@), corresponds to thesllevel of the shell rized in Table VII. The system wit§=4 is the most stable
structure, the next twa, andt,g are the shell-tl levels, and in the Pts icosahedron cluster, which is one total spin mo-
the t;, state at about-0.39 Hartree is the shellgllevel.  ment larger than that of the Rtcuboctahedron cluster. The
Although the magnitude of DOS is small, the shedl-@so total energy difference by one total spin moment $f
exists below the atomid-band at about-0.37 a.u. of both =0,1,2,3,4 is less than 0.005 Hartrge14 e\j and the dif-
the majority and minority spins. The bandwidth of thg;Pt ference betweeS=4 andS=5 is 0.024 Hartre€0.65 e\).
cuboctahedron cluster is very similar to that of thgfdib-  The shell structure of th8=4 system is shown in Fig.(d),
octahedron cluster. For the shell structure belowdt®and, and the components of each level are shown in Rig). &he
1s, 1p, and Z exist in the Pi; cuboctahedron cluster, but atomic d-electron band is located in the energy range of
1s barely exists in the Rd cuboctahedron cluster. The shell- —0.355 to—0.21 Hartree for the majority spin an€l0.34 to

2. The Ptz icosahedron cluster
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(a) -0.40- (b) -0.40

FIG. 2. (a) Energy levels and the density of stat&09) of Pd,; icosahedron clustes, p, d, f, g, andh indicate the partial DOS of
each molecular orbital projected at the cluster cefRgg, for expansion is 15 A. The upper figure is for the majority spin and the lower one
is for the minority spin(b) Same aga) but augmented at 13 Pd atom sites Wif,=1.6 A.

—0.19 Hartree for the minority spin, which is very similar to

that in the cuboctahedron cluster. The lowest level, denoted Pvi,lm(ri):f P(r)Yim(r)dQd;, (8)
asa,q in Fig. 4(@), corresponds to thesllevel of the shell

structure, the next onéy, is the shell-U level, and the,,

state at about- 0.405 Hartree is the shellpllevel. Since the r=<Rmax: (9)
symmetry of an icosahedron is higher than that of a cuboc-

tahedron, its shell structure is clearer. All the levels having a

comparatively large atomis-component can be consistently -

assigned to the shell structure shown in Fith)4The shell CHIED f Poiim(DVPAT) P im(r)r2dr,  (10)
structure in the atomid-band is thought to split into bond- "

ing and antibonding levels, as seen for the shellet -2p.

The Fermi level is formed by the atomitband in the Pg

icosahedron cluster. The total energy becomes higher when Eg= €1, (11)
thehg state of the shell-@ is occupied, which corresponds to ‘

the S=5 system. The difference between LDA and GGA

potentials is negligible in the Btclusters. where the subscrigt indicates the atomic site on which the
pseudopotential is locate®,,, is about 3 a.u.
D. Spin-orbit splitting Tables VIII and IX show the values &4 in Eq. (11) for

Th local | tum-d dent teni he eigenstates of the Pdand the Pt cuboctahedron clus-

€ nonlocal angular-momentum-dependent  potentidje ¢ 5round the Fermi level in the spin-restricted calculation.
Vio(r) is defmed as an average pseudopotential of the difThe average strength of spin-orbit splitting of the, Pelus-
ferentj=1= 7 states, and the spin-orbit-interaction potentialter s 0.007 Hartree, which is one-third of the value for the
Vi%is given by the difference of thedependent potentials. Pt;5 cluster, 0.02. The magnitude of the spin-orbit splitting of
Applying the pseudopotential parameters of Bachefetl,’®>  the shell states is smaller than this, 0.002 to 0.004 Hartree for
we can evaluate effects of the spin-orbit interaction on thé”d and 0.008 to 0.018 Hartree for Pt. Although the splitting
states of Pd or Pt clusters using the following equations: energy is small, the LUMO and HOMO of Rgdcould
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TABLE VI. Spin configuration around Fermi level and total energy qf Btboctahedron clusteAE is
the difference of total energy from the spin-restricted result of LSDA. Superscgiptrépresents a value
at equilibrium spacing of GGA. The other values are calculated at equilibrium spacing of LSDA.

Spacing Spin configuration AE by LSDA AE by GGA
S (a.u) Majority-spin Minority-spin (Hartree (Hartree
0 5.1 ayg 0 ayg 0 0.0 -0.001
5.19 tig 1 tig 1
€y 2 €y 2
1 5.1 agg 0 agg 0 —0.004
tig 2 tig 0
€y 2 €y 2
tig 3 tig 3
2 5.1 ayg 0 azg 0 —-0.010 —-0.013
tig 3 tig 0
€y 2 €y 1
tig 3 tig 3
3 5.1 tog 0 tog 0 —0.017 —0.027
5.19 ayg 1 ayg 0
tig 3 tig 0
tay 3 toy 1
€y 2 €y 2
tig 3 tig 3
4 5.1 &y 0 &y 0 +0.006 —0.004
Ay 0 Ay 0
tog 1 tog 0
ayg 1 ayg 0
tig 3 tig 0
€y 2 €y 0
tay 3 tay 2
tig 3 tig 3
tog 3 tag 3
change places since the energy gap of the LUKBell- ures &a) and b) are those diagrams considering the split-
2p*) and the HOMO of the Pd cuboctahedron cluster is ting by the symmetry around the Fermi level. The values of
only 0.002 Hartree. &,q4 are similar to those of the cuboctahedron clusters but the

In Figs. 5a) and §b) the diagrams of the spin-orbit split- widths of the split are larger due to the symmetry of the
ting around the Fermi level are shown for the;fdnd P{;  icosahedron. The change in the total energy by the spin-orbit
cuboctahedron clusters. The splitting is analyzed in the onesplitting is estimated to be-0.0300 and—0.1082 Hartree
electron approximation because of the Kohn-Sham scheméor Pd and Pt, respectively. The icosahedron clusters gain
Only the first-order perturbation of the orbital energy within more stabilization energy than the cuboctahedron clusters.
its representation is taken into account. For the Pd cluster,
the number of electrons on the left side of the diagram is 40, E. Jahn-Teller distortion

and they can consistently occupy up to thg state at . .
—0.2141 Hartree on the right side and form the closed or; Since the Pg icosahedron cluster and the, Ptlusters

bital system again. The change in the total energy by th have an incompletely occupied HOMO, we need to consider

) . o : %he Jahn-Teller distortion. The Pdcuboctahedron cluster
sp|_n-orb|t splitting  is e_gtlm_ated to beO.QlZZ Hartree, also has unexpected degenerate orbitals at the HOMO ac-
which shows the stabilization by the spin-orbit splitting.

There are 34 electrons on the right side of the diagram for th ording to the GGA calc;ulatlon, which rouses our interest in
. . .the effect of the distortion. We calculated the force on the
Pt 5 cluster. When these electrons are put into the orbitals in

the order of energy of the right side, the electrons occupy UFr)estrlcted orbital systems by the scheme explained in the Ap-

to two states of at —0.2042 Hartree. The change in the pendix. The Jahn-Teller theorem in the one-electron approxi-
8 . .

total energy by the spin-orbit splitting is estimated to bemauon requires the following splittings:

—0.0820 Hartree. Pdy3ic0S: Tog X Tog=Toq+Ag+Hg,
Tables X and XI show the values éf4 in Eq. (11) of the Pti3ic0s: T1gX T1g=Tyg+Ag+Hg,

eigenstates for the Rgand Pi; icosahedron clusters. Fig- Ptz fce: TigXTyq=Tig+ TogtAigt+Ey.
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FIG. 3. (a) Energy levels and the density of stat€S) of Pt;; cuboctahedron clustes, p, d, f, g, andh indicate the partial DOS of
each molecular orbital projected at the cluster cefRgg, for expansion is 15 A. The upper figure is for the majority spin and the lower one
is for the minority spin(b) Same aga) but augmented at 13 Pt atom sites WRh,=1.6 A.

Since the Pg; cuboctahedron cluster has the closed HOMO ture is more than 0.02 Hartree. The shell structure is occu-
we did not estimate the Jahn-Teller effect. We have analyzedied mainly by the atomics electrons. The total energy
the force vectors by projecting to symmetrized atomicbecomes higher when the occupation changes across the en-
p-orbitals. The largest component belongs Hg for the  ergy gap of the shell structure. Unless the higher level of the
icosahedron clusters of both Pd and Pt metals. Thgdab-  shell structure is newly occupied, the higher spin state is
octahedron cluster belongs 1g,. We adopt these symme- more stable. That is, Hund’s rule applies.
trized force vectors as the distortion directions and minimize The Conﬁguraﬂon Of the she” structure seems to be de_
the total energy within the distortion in these directions. Thegiged by the number of atomizelectrons. The Ay cluster
distorted clusters are i, and Dy, Symmetries for the is \el| understood as the spherical jelium model of 13
icosahedron clusters and the ftuboctahedron cluster, re- 545 mics-valence electron&: which has five electrons in the
spectively. The total energy of the fdcosahedron cluster i o4 state and which corresponds to the model with the
lowered 0.001 Hartree with 4% distortion of the cluster spac-region of the atomid-band removed. The schematic energy
ing, and that of the R§icosahedron cluster is lowered 0.003 | : L P

. . X ; evel diagram for Pgy, Pt3, and Aus is shown in Fig. 8,
Hartree with 2% distortion of the cluster spacing. The Jahn- hich the diff by th v, | trast
Teller distortion of the Rt icosahedron cluster is shown in which removes the difierences by the symmetry. In contras
Fig. 7. For the B cuboctahedron cluster, the total energy is© the AL.“ cluster, the Pg cluster has no shelIdZeIectrqn
lowered 0.001 Hartree with 0.4% distortion of the clusterand partially has the shellfﬂelec_tron_s. The j cluster is

comprehended as a system having five fewer shell-electrons

Spacing. than the Ay; cluster. The distinctive feature of the Rdlus-
ter is the unoccupied shellp2 state at just on the Fermi
level. The Pg; cluster seems to have a largeelectron af-

The total energy and shell structure analysis shows thdinity.
the spin configuration is related to the shell structure. The The effects of the GGA are not negligible, especially for
difference in the total energy of the different configurationthe Pd; clusters. The total energies are lowered about 0.01
for the atomicd-band state is smaller than about 0.005 Har-Hartree and the higher spin polarization states become more
tree, but that of the different configuration for the shell struc-stable, which is the opposite result of the LSDA. For the Pt

IV. DISCUSSION
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TABLE VII. Spin configuration around Fermi level and total energy ggRtosahedron clusteAE is the
difference of total energy from the spin restricted result of LSDA. Superscigpitrépresents a value at
equilibrium spacing of GGA. The other values are calculated at equilibrium spacing of LSDA.

Spacing Spin configuration AE by LSDA AE by GGA
S (a.u) Majority-spin Minority-spin (Hartree (Hartreeg
0 5.0 tog 0 tog 0 0.0 —0.001
5.0 tig 2 tig 2
hg 5 hg 5
1 5.0 tog 0 tog 0 —0.003
tig 3 tig 1
hg 5 hg 5
2 5.0 hgy (shell-2d) 0 hg (shell-2d) 0 —0.002
hg 5 hg 5
3 5.0 hg (shell-2d) 0 hgy (shell-2d) 0 —0.004
tog 2 tog 0
tig 3 tig 0
hg 5 hg 4
4 5.0 hg (shell-2d) 0 hg (shell-2d) 0 —0.009 —0.011
5.09 tog 3 tog 0
hg 5 hg 3
5 5.0 ag 0 ag 0 +0.015 +0.009
hg (shell-2d) 1 hg (shell-2d) 0
tog 3 tog 0
tig 3 tig 0
hg 5 hg 2
tiu 3 t1y 3

clusters, the effect of the GGA is not so serious. The changdseep their electronic shell structures. Taking all these effects
in the total energy are-0.001 Hartree and the electronic into account, the stable structures of £dnd Pi; clusters
structures are unchanged. The difference between Pd and @& predicted as follows:

in the effect of the GGA is thought to result from their elec- " ) ) _

tronic structures. The Fermi level is located at the edge of thé Ewi=[Efot " (icos) + AE*Xicos)+ AERicos)+ AE (ico)]

d band of the Pd clusters. Furthermore, there exists the shell- —[ES®A(fce) + AESfc) + AES(fec) + AET(feo)]
2p state, therefore the total energies of the Pd clusters are tot '
inevitably sensitive to the exchange-correlation potential, (12

which depends or does not depend on the derivative of the

charge density. On the other hand, the Fermi level of the Pt AEi(Pd=(—376.546-0.030-0.034-0.003)

clusters is located in the band. A little change of the loca- —(—376.588-0.012-0.015 = +0.010,

tion of the Fermi level does not change the derivative of the

charge density and the converse will hold. (13
The effect of the spin polarizatiomE®P) is 0.01-0.035

Hartree. The effects of the spin-orbit splittindA£°°) are AEo(PY=(—341.752-0.108-0.010-0.003

0.01-0.03 Hartree for the Pd clusters, and 0.08—0.1 Hartree —(—341.803-0.082-0.026-0.001) = + 0.039.

for the Pt clusters. The spin-orbit splitting depends on the

cluster symmetry and the stabilization of the icosahedron (14)

cluster is larger than that of the cuboctahedron one. Thegor both Pd and Pt metals the cuboctahedron clusters are

Jahn-Teller effect AE”T) is small, the change in the total more stable.

energy is the order of 0.001 Hartree. The higher symmetry For the Pg; clusters we found two relevant works com-

seems to be favorable in the microclusters of 13 atoms t@aring with our results. One is that of Reddyal. using a
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FIG. 4. (a) Energy levels and the density of statB®S) of Pt,;icosahedron clustes, p, d, f, g, andh indicate the partial DOS of each

molecular orbital projected at the cluster cenfy,, for expansion is 15 A. The upper figure is for the majority spin and the lower one is

for the minority spin.(b) Same aga) but augmented at 13 Pt atom sites WRR,,—=1.6 A.

density-functional scheme with the discrete variationalthe self-consistent-field—configuration-interactiGBCF-C)

method (DVM) with numerical bases or a Gaussian basis. level® The triplet icosahedron cluster is the most stable and
The spin-polarized icosahedron cluster is the most stablghis cluster is to be distorted by the Jahn-Teller effect. The

The difference between the icosahedron cluster and the culdistortion vector belongs to thid, representation, which is

octahedron cluster in the total energy ISE(icos-fcc)
=—0.018 Hartree. Another is that of Estat al. with the
intermediate neglect of differential overl@iNDO) model at

TABLE VIII. Estimate of the spin-orbit interaction strengéhy
around the Fermi level for the Pgcuboctahedron cluster.

Representation EnerdyHartree &d

tog (shell-2d) —0.145740 0.001 762
a, —0.184 570 0.008 264
t1y (LUMO, shell-2p) —0.207 640 0.004 265
ey (HOMO) —0.212 900 0.007 688
tag —0.213 110 0.007 292
ayg —0.214 090 0.007 602
tig —0.214 140 0.007 628
toy —0.218 090 0.007 247
tig —0.218 360 0.007 183
ey —0.221 810 0.007 401
toy, —0.223 440 0.007 463

the same as our result. The difference between the icosahe-
dron and cuboctahedron clusters in the total energy is

AE(icos-fcc)= —0.067 Hartree.

The total energy of the cuboctahedron cluster is lower
than that of the icosahedron cluster only in our result

TABLE IX. Estimation of the spin-orbit interaction strengghy
around the Fermi level for the Rtcuboctahedron cluster.

Representation EnerdyHartree &

aq, —0.172 380 0.024 787
toq (shell-2d) —0.185 680 0.013 892
ayg (LUMO) —0.214 400 0.022 928
t,q (HOMO) —0.215 890 0.023 329
€g —0.220 130 0.023 426
tig —0.221 410 0.022 843
tog —0.222 340 0.022 547
toy —0.222 660 0.021 493
ey —0.226 880 0.022 710
tou —0.226 920 0.021 950
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-0.17 TABLE X. Estimation of spin-orbit interaction strength,y
AE =-0.0122 around the Fermi level for the Pgicosahedron cluster.
Representation Enerdyartree Eod
018}
t1, (LUMO, shell-2p) —0.207 720 0.004 330
A Ts tyqg (HOMO) —0.208 730 0.007 855
hg —0.211 310 0.007 525
0191 tig —0.217 600 0.007 585
T h, —0.224 950 0.007 335
% Jy ~0.225 160 0.007 081
E 0.2
<)
2
w Ter, (Lumo) the shell-3 state. In the icosahedron cluster, the higBer
ool Tru (LOMO) S state is more stablauntil the shell-21 state is occupiedin
Eg (HOMO) nh Reddy’s and our calculations. The crucial difference between
Aaglfz =< r7§: our result and the other two results is that the cuboctahedron
7. Tau %Bm cluster is stabler than the icosahedron cluster for Pd. This
0.22 * might be due to the accuracy of the numerical calculation
o =l and the treatment of the core electrons.
Ts The present calculations were done on an NEC supercom-
Ts puter SX-4 systeni8 CPU’s with 16 Gbyte memoyy The
@ -023 program codes were fully parallelized for the number of
-0.16 atomic sites. The time-consuming calculations of GGA and
AE =-0.0820 the forces were efficiently processed.
017 | I
A Ts
APPENDIX
0.18
In the present LCPSAO scheme with the nonlocal pseudo-
Tes potential term, the gradient force is represented by three
019 r, main terms, the Hellmann-Feynman fore&", the basis-set
0 correction termFBS, and the density-basis correction term
£ o2y I FPB. The main part for this force calculation is that of the
T /;/f:?___ l_:I‘B(HOMO) @ nonlocal potential part,
>
g 021 | . / Ts
w (2) Trg (HOMO) *——— é/ o JEy
022 b T1gTE s Fi= é’R FHF+ FBS-I- FDB (A1)
Toy ' 29 %E
Tay Bu 9 Ts
023
rara i:I &ENN
0.24 ¥RR z f <¢V IR “ﬂ > p IR; ' (A2)
Ts
-0.25 TABLE XI. Estimation of spin-orbit interaction strength,q
(b) Cuboctahedron Spin-orbit splitting around the Fermi level for the Rticosahedron cluster.
FIG. 5. (a) The diagram of spin-orbit splitting of HOMO and Representation Energyartred >
LUMO of Pd;5 cuboctahedron clustefb) The diagram of spin-orbit Y
splitting of HOMO and LUMO of Pf; cuboctahedron cluster. hg (shell-2d) —0.176 890 0.013 925
tyg (LUMO) —0.207 900 0.023 549
t14 (HOMO) —-0.217 770 0.023 142
hg —0.218 310 0.023 328
[AE(icos-fcc)=0.048 Hartree with the GGA The two re-  ty, —0.226 810 0.018 509
sults except ours show that tie=0 state ofA,4 is the most  h, —0.229 990 0.022 338
stable in the cuboctahedron symmetry. For the |cosahedr0g1, —0.235 260 0.021 883
cluster of theS=0 state, the ordering of the frontier molecu- g, —0.245 330 0.021 296
lar orbitals in our result is almost the same as in Estiu toy —0.247 850 0.020 863

result but for the position of tha,, state corresponding to




1676

019}

021

-0.21

Energy (Hartree)

-0.22

-0.15

-0.19 |

Energy (Hartree)

-0.23 |

-0.25

-0.27

(b)

FIG. 6. (a) The diagram of spin-orbit splitting of HOMO and
LUMO of Pd,; icosahedron clustefb) The diagram of spin-orbit
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FIG. 7. The Jahn-Teller distortion of the,Ptcosahedron clus-
ter. The length and thickness of the distortion arrow are in propor-
tion to the magnitude of the distortion vector.

F"F in Eq. (A2) is given by the derivative of potential ener-
gies explicitly dependent oR; by fixing p. Averill-Painter’s
density-basis correction terfP® comes from theR; depen-
dence, where represents the input charge density and
represents the output charge density of the SCF calculation.
When good convergence is attained in the SCF, this density-
basis correction term is negligible.

Computational details are as follows. The first ternfFify
is given by

(9ENN (Xi—X;j)
% I#J |R R||R Rl

(A5)

whereR;= (X% ,Yi,Z)-

The nonlocal pseudopotential term is given by the direct
numerical differentials of Richardson’s extrapolations and
the contribution from th&/ . term is given analytically,

FIG. 8. The schematic energy level diagram foy Pt 5, and
Aul3.
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N©OYr)  V(r—Ry) A Vi(r—R;—2Ax) = VIO (r—R;+2A%)  VI°(r—R;— Ax) —VP(r — R+ Ax)
= = X —

X X 4Ax 2Ax
(A6)
Ax is a minute value fok,y,z directions. The effect of Richardson’s extrapolatior610™3).
The basis-set correction terRt° is also calculated numericalfy,
Ny, ~
FiBf=<—V|H|zp,,> +c.c. (A7)
! 0"Xi
IU 2 ClimXiim
jlm,j#i
+2 CiimXim(r—Ri—AXx) Hl//ud"—f [ E _CiimXjim
ilm jim,j#i
+ ¢l Xim(r—Ri+AX) Hz//ydr]/2Ax+c.c., (A8)
ilm
l//VEE CjVIijlm ’
jIm
where the kinetic energy part is evaluated by
1 2 _rl ato |
_EV lem_[eatom_vvalnkr)_VN(r)]lem- (A9)
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