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Real-space representation of electron localization and shell structure in jelliumlike clusters
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Results of first-principles calculations on pure and doped aluminum clusters are analyzed using the electron
localization function(ELF) to obtain a real-space representation of the electronic shell structure. Our results
provide a quantitative analysis of the bonding nature and localization of charge in jelliumlike metal clusters
and show that similar to atoms, ELF reproduces the electronic shell structure of clusters in real space.
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It is believed that the electronic shell structure in metal The second term on the right-hand sidelofs the Weiz-
clusters is a consequence of the free-electron-like nature afacker functionaf, which represents the kinetic energy of
the bonding in these systems, and that a jellium miogled-  electrons with bosoniclike behavior such as in covalent
vides a valid starting point from which the theory of cluster bonds.D,, is the kinetic energy density of a homogeneous
stability and electronic shells can be constructed. Clusters dadlectron gas at a density equal to the local dengityand ¢,
predominantly sp bonded metal$, viz., alkali, divalent is the Kohn-Sham orbital. This form is more suitable for
(group 11 B), trivalent (group Ill), and noble metals, as well applications in density-functional approaches such as those
as their alloys, are found to exhibit jelliumlike behavior. adopted here. From the definition of ELF, it can take values
Therefore, understanding of the jelliumlike clusters consti-in the range s ELF<1, 1 corresponding to perfect localiza-
tutes the core of cluster science. Although great progresgon, 0.5 for perfect delocalization, and O for very-low-
has been made both theoretically and experimentally, twelensity regions. For a single electron or paired electrons of
basic questions still remair{l) The success of the jellium antiparallel spins, the excess kinetic energy is diminished
model providesconfidencethat electrons may be freelike and correspondingly ELF has a value close to 1. For a free-
even in small clusters. This is a basic assumption in thelectron gagjellium), ELF equals 0.5 at any density. There-
jellium model. How freelike do electrons really behave infore, ELF provides a quantitative criterion to study the jelli-
jellium-type clusters? Can we find sonwrect evidence umlike behavior in metal clusters and the variation of the
for the free-electron behavior in jelliumlike cluster$2)  bonding nature in different regions on an absolute scale. This
The most striking feature of jellium clusters is the shellis very important, because in clusters, there could be signifi-
structure of electrons, which is traditionally associatedcant variations in bonding with size as well as due to differ-
with the filing of the energy levels having 2¢3), ent bond lengths and/or atom distribution. A graphical rep-
8(1s®+1p°), 18(1s*+1pf+1d%, 20(1s?+1p®+1d® resentation of ELF provides a vivid description of electron
+2s?), ... valence electrons. Can this be represented in thivcalization in space, instead of an atom-centered description
real space? such as in Mulliken population analysis.

In this report, we explore these questions by using the We consider here pure and doped clusters of aluminum
electron localization functiofELF) analysis’ which was in-  such as A}, Al,Si, Al;,C, Alss, and Ak,Si, which are good
troduced in quantum chemistry as a measure of the paralletepresentatives of jelliumlike behavior. The simulations have
spin correlation by defining conditional probability of finding been performed with the Vienrab initio simulation codé,
an electron in the neighborhood of another electron with thavhich uses ultrasoft pseudopotentiadsd a plane-wave ba-
same spin. It uniquely identifies regions of space where elecsis. The minimization of the free energy is done over the
trons are well localized such as in covalent bonds or lonatomic and electronic degrees of freedom using the conju-
pairs and can clearly distinguish the free-electron behaviorgate gradient iterative technigfié simple cubic supercell is
Savin and co-workefs expressed ELF equivalently in terms used with 15 A edge length for Al Al;,Si, and Al,C clus-
of the excess of the local kinetic energy densiB) (due to  ters, and 28 A for AJ; and Ak,Si. In such a big supercell we
the Pauli principle use theI point to represent the Brillouin zone. The

exchange-correlation energy is calculated within the general-
1 ized gradient approximatiGn(GGA). The calculations are
ELF= W (1) performed with high precision using a cutoff (_)f 17_0, 225,
h and 429 eV for pure Al and doped clusters with Si and C,
respectively. The convergence criterion for energy and force

where are 10°°eV and 0.001 eV/A, respectively. The structure op-
timization is symmetry unrestricted.
. s 1 |Vp|? The optimized structure of Alis a distorted octahedron
D=3 Z IVil*—35 — (2)  with an average bond length of 2.76 A and binding energy of

2.14 eV/atom, which is slightly higher than an earlier GGA
result of 1.89 eV/atom wittD34 symmetry'® Al;,Si and
D= (372) %3 P=cp5= (3)  Al;,C have symmetric icosahedron structures with Si/C at
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the center. The center-vertex and vertex-vertex nearest-
neighbor bond lengths are 2.64 and 2.77, and 2.54 and 2.67
A, respectively, which are in good agreement with previous
resultst'~*®For Al and AL,Si, we studied icosahedrail)(
decahedral d), and cuboctahedrak] isomers. In the case
of Algs, a recent GGA study reported the truncated deca-
hedron to be of lowest energy. However, the optimization
was constrained by symmetry. Our results show that the re-
laxedi isomer is 0.3 and 1.50 eV lower in energy than the
fully relaxed truncatedd and c isomers, respectively. The
distortion from an ideal structure is significant and is in
agreement with an earlier repdftHowever, for thed andc
isomers, deviations from perfect symmetry are smaller. Sub-
stitution of a silicon atom at the center ofsllso gives the
i isomer to be 0.34 and 1.51 eV lower in energy than the
truncatedd and c isomers, respectively, as well as a reduc-
tion in strain. Most importantly, there is a gain of 1.44 and
1.42 eV for thei andd isomers of Als in contrast to strain
energy of 0.5 eV for a silicon impurity in bulk A{’=2°

The electronic structure of Al Al1,Si, Al1,C, and AL,Si
clusters has closed-shell features as expected from the jel-
lium model at 18, 40, and 166 valence electrons with highest
occupied and lowest unoccupied molecular orbiHOMO-

ic) id) LUMO) gaps of 0.65, 1.90, 2.01, and 0.34 eV, respectively.

FIG. 1. (CoIor)_Constant elect_ronic c_harge density surfaces for th(_e ex-The large gap for ALSi and Al,C makes these clusters
gzss(i‘i‘i)ezngfﬁp':gg’g);‘;‘I’T:‘:r?:s'”eﬁ{izvsélz‘; ;%rgE’d‘s;rz?et‘:htgi;"r‘zgagﬁg‘g behave more like superatoms. This behavior of carbon is
ing constant cr21arge density s'urfaEes fof,8l The values of chargeﬁn the very unusual as it appears tq behave “I.(e a metal atom. In
four casega)—(d) are 0.052, 0.055, 0.038, and 0.048 electrofstAspec-  Order to understand the bonding nature in these clusters, we
tively. Red color is for charge density and black balls represent ions. calculate (Fig. 1) the excess and depletion of electronic

() {b)

Bulk Al

FIG. 2. (Color) Contour plots and
isosurfacegdenoted by ispof ELF. h
represents the horizontal plarisee
panel (b)] and v, the vertical plane
perpendicular td and having only the
central atom. In isosurfaces, red color
is for ELF, and the black balls, for
ions.

AlSi-h

Al Si-iso

Al Cy Al C-iso
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a 11

charge density due to doping. This is obtained by subtractin oe o :
the overlap of charge densities of the, Atluster and the Si osf (a) ’ 1 (c) : Alg
or C atom at the respective positions as inXl X=Si or C 0.8 ’
from the self-consistent charge density of thg.Xlcluster. 08
It is seen that Si loses electroffEgs. 1a) and Xb)] with the ] 0
excess charge distributed in bonds between the Si and tt % sl 06 ]
vertex Al atoms. However, in AJC [Figs. 1c) and 1d)], W
there is a depletion of charge in the outer part of the cluste
and an excess between the carbon and aluminum atom 041
Therefore, we find that although the electronegativities of S 02
and C atoms are higher than that for an Al atom, the valenc
electrons are distributed inside the whole cluster, with higr ' :
densities along the bonds joining Si or C with the aluminum 00—y R
atoms. Is this behavior jelliumlike?

In order to distinguish the character of bondiegvalent T e T . ALs
or metallig, we show in Fig. 2 the ELF for AbSi and A},C o1 (b) ’ os{ (d) ' *
clusters. For comparison, we also show ELF for bulk alumi- o
num in the[100] crystalline plane. It clearly illustrates the
jellium behavior of bulk aluminum in the regions between
the ions. The maximum value of ELF is 0.63 and therefore
the deviation from the jellium behavior is small. We use this
result as a reference for understanding the behavior in clus
ters. Figure @) shows the orientation of the plariiabeled 991 %
as planeh) containing the central and four other vertex ions 024 02
(rectanglé. The plane perpendicular tois labeled as plane
v, which contains only the central ion. The contour plots of
ELF through planes andv are also shown in Fig. 2 as well D P N Y
as the isosurfaces, labeled as iso, for EAG=9. In both clus- Log R Log, R
ters, we see that in regiofilebeled as) in the contour plots s
between the vertex and the central ions, ELF has values close FIG. 3. Real-space representation of shell structures. The dotted line
to 0.5 and it displays the jelliumlike behavior with nearly specifies the center of the cluster. We plot ELF along the diagonal direction
delocalized charge distribution. Therefore, bonding in bottef the cubic supercell, and the radial distan89 {s measured from a cubic
the clusters isnetallic which can be regarded as tdaect ~ Cell comer.
evidencdor the free-electron-like behavior. Outside the ver-
tex ions, electrons are highly localized with a maximumilium nature. In fact, the ionization potentiélP) measure-
value of ELF to be 0.94 and 0.92 for ABi and Al,C,  ment revealed the onset ep hybridization in A}, clusters
respectively, which suggests that the surface valence elegeginning an=52 It is to be noted that there is no atom at
trons in Ak,Si are more localized than those in the; &l the center of AJ. For other clusters, the value of ELF at the
cluster. A similar result of high value of ELF has been re-center is low due to the very low charge density in the core
cently obtained for Al surfacéswith a maximum value of region of an atom in the pseudopotential framework. In all

0.86 and 0._73 for th€110 and the closest-packed11) the clusters, the ELF has the highest value outside the vertex
surfaces, slightly off the outermost surface plane. Thereforg, o

on the cluster surface, electrons are much more localized as m' summary

compared to corresponding crystal surface. _using ELF provide a direct and quantitative evidence for free
The importance of ELF for understanding the electronice actrons as well as the localized nature of electrons in metal
shell structure of atoms has been clearly demonstrated in reg}siers in an easily understandable and visually informative
spacé?? for several elements including heavy and otheray. Similar to atoms, we find the shell structure in real
flrst-serl_es transition metals. As an _example, ELF CI?arIVSpace for metal clusters. We hope that such as analysis
shows six peaks separated by five minima, corresponding 19,14 be very fruitful for other systems such as clusters of

six electronic shells in Rn as one can expect from the highe%ilicon, where there appears to be a change in the bonding
occupied principle quantum number statey®6 For Alg, character as a function of size.

Al ,Si, Al,C, and AL,Si, states with, respectively, 1, 2, 2,

and 3 principle quantum numbers are occupied. Accordingly, Q. S. is grateful to B. Silvi, A. Savin, M. Kohout, and P.
we expect 1, 2, 2, and 3 shells in ELF, respectively. This isJena for help and stimulating discussions. V. K. acknowl-
indeed true as shown in Figs(a3-3(d). The center of the edges the hospitality at the Institute for Materials Research.
cluster is shown by the dotted line. The Janh-Teller distor-The authors would like to express their sincere thanks to
tions in Alg and AL,Si make ELF asymmetric. An interesting Materials Information Science Group of the Institute for Ma-
finding is that even in A the value of ELF at the center is terials Research, Tohoku University, for their continuous
close to 0.5 and therefore, the behavior is very close to jelsupport of the HITAC S-3800/380 supercomputing facility.
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