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Stability of medium-sized neutral and charged silicon clusters
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Using the full-potential linear-muffin-tin-orbital molecular-dynamics method based on the single-parent
evolution algorithm, we have studied the stability for the medium-sized neutral, anionic, and cationic silicon
clusters in detail. We have found the ground state structures,dhS26—30. Our calculated results suggest
that the compact structures containing interior atoms begin to compete for the ground state structures with the
stacked prolate structures fron=24. The prolate structures transit into the spherical compact structures at
n=27 for neutral silicon clusters, whereas the transition size occuns 28 for anionic and cationic silicon
clusters. Starting froom=29, the stable structures with larger binding energies are basically the compact
spherical structures. The results are in excellent agreement with the related experiments.
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I. INTRODUCTION two distinct types of structurésl® theoretically. The first

Silicon is a very important semiconductor material that®yP€ corresponds to the prolate structures. They consist of
has attracted considerable interest. In bulk silicon, each siliPuckered sixfold rings of atoms, stacked along a central axis
con center isp® hybridized and bonded to four other silicon Of threefold rotational symmetry and capped by one atom at
atoms so as to locally form a regular tetrahedron. However€ither end. The second type is a series of more compact
experimental and theoretical investigations on the groun@€eometries with many interior atoms. They performed first-
state structures for small silicon clusters have brought t@rinciples total-energy calculations for clusters of both types
light such a fact that they are not pieces of silicon crystal. over the size range=20-33 atoms. Their results suggest
The small silicon clusters are largely unrelated to bulk sili-that there is a transition in the shape of the most stable clus-
con in their structures and builds them atom-by-atom into ders as the atomic number increases. For the smaller clusters,
series of unique molecular structures. the prolate structures are more favorable, while the larger

Up to now, an enormous effort has been devoted to detelusters prefer the compact structures. The crossover be-
mining the structures of the silicon clusters. Although somegween the prolate and spherical shapes lies in the range
progress has been made, the structures with omsly? (ex-  24<n<=28. Grossman and Mitas had discovered a family of
ceptn=>5) have been confirmed by experimefitdTheoret-  stable elongated Si(n<50) clusters built from a simple
ical investigations show that their ground state structures argstacking scheme by local density approximation molecular
polyhedrons for the small silicon clusters ranging from 5 tocluster calculation$® The structures can be obtained by
1326-16 The structures witm=10 have been universally stacking triangles of atoms on a common axis and adding
accepted! Starting fromn=14, the stacked prolate struc- one or two caps. Sieck and co-workers had investigated the
tures become more stable than other structures. A9,  structure of low energy neutral silicon clusters with 25, 29,
some near-spherical shapes without interior atoms begin tand 35 atoms with a density-functional based tight-binding
show high stability>17 Starting from n=24, the near- approach?® They found different dominant shapes in the set
spherical structure with interior atoms would compete for theof low energy clusters for each size. For a neutraf 8ius-
ground state structures with the prolate structures. Howeveter, both prolate and spherical structures with large binding
up ton=25, the stacked prolate structures are still the mosenergies exist. For silicon clusters with 29 or 35 atoms, the
stable. An essential feature of the stacked prolate structuresli@w-energy isomers exhibit a spherical shape. Experimen-
that they are built on a structural motif consisting of a stacktally, Jarrold and Constant had measured the mobilities of
of Sig tricapped trigonal prism§TTP).26.17 Besides the re- size-selected silicon cluster ions in helium using injected-ion
sults above, Pouchaet al. investigated the relationship be- drift-tube technique$? Their results suggest that a major
tween the polarizability, stability, and the geometry of small-structural transition occurs for clusters with around 27 atoms.
size silicon clusters by the density functional theory Despite the progress that has been made, however, little is
methodst!13 They have shown that the polarizability is di- known about their ground state structures for the neutral and
rectly related to the size of the energy gap betweerionic silicon clusters ranging from 26 to 30. To our knowl-
symmetry-compatible bonding and antibonding molecularedge, no systematic theoretical investigation on searching the
orbitals, and the averaged-SiSi distances and the standard ground state structures of ,gizo neutral and ionic clusters
deviation of the Si—Si distances correlate remarkably well has been reported. In this paper, we have performed calcula-
with the binding energy of the clusters and the highest occutions on the structures for the medium-sized neutral, anionic,
pied molecular orbital(HOMO)-lowest unoccupied molecu- and cationic silicon clusters in detail by using the full-
lar orbital (LUMO) gap, respectively. potential linear-muffin-tin-orbital molecular-dynami¢gP-

For the larger silicon clusters with=26, only a few LMTO-MD) method based on the single-parent evolution al-
reports can be found. Kaxiras and co-worker had proposedorithm. Our aim is to explore growth attributes for silicon
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clusters and find their ground state structures. Arabic alphabets in brackets correspond to their binding en-
This paper is organized as follows. Section Il contains aergy ordering. Their binding energies and point group are
brief description of the improved FP-LMTO-MD method listed in Tables I-lI, respectively.
used. In Sec. Il we present calculated results and detailed For She and its ion clusters, five different structures with
discussions. The conclusions are given in Sec. IV. larger binding energies are shown as 26A, 26B, 26C, 26D,
and 26E in Fig. 1. The first four structures are prolate, while
the last one is compact. Three of the four prolate structures
Il. METHOD include a Sj tricapped trigonal prisniTTP) subunit at least.
e%GA is the most stable for a neutral,§cluster. It has the
Same initial configuration as 26C. Structural distortion makes

fullv b ‘ tic alqorithThe laraer cluster cluster ion structure 26C differ from 26A. 26B is the second
ully by means of a genetic aigori € 1arger CIUSters ., st stable for a neutral cluster, but it is the most stable for

cannot be obtained using the genetic algorithRecently, ¢ sier jons. It is found from 26D and 26E that the neutral
Rataet al. have successfully developed a single-parent evoz g cationic clusters have the same energy ordering, whereas
lution algorithm to find the lowest-energy structures for sili- 1o ordering reverses for the anionic cluster. The energy dif-
con clusters witm=13-23%* They found a number of new ferences between the most stable and the fourth most stable
isomers, which are more stable than any structures previtryctures are 1.46, 1.21, and 0.34 eV for neutrgy, Posi-
ously reported and have properties in much better agreemefi{e Si; ion, and negative §j ion, respectively. Therefore
with experimental data. The single-parent evolution algothe energy ordering for the anionic cluster is easily different
rithm involves only a single parent, while the previous ge-from that of the neutral or cationic clusters.

netic algorithm contains multiple parents. In this new algo- For the silicon clusters with 27 atoms, the situation is
rithm, some geneticlike operations are employed in order talifferent. First, the prolate 27A and the near-spherical 27B
add diversity. We have combined the single-parent evolutiorare degenerate for the Sicluster. 27 is structural transition
algorithm with the FP-LMTO method to investigate the sjze for the neutral cluster. For its cationic cluster, the energy
ground state structures for,Sin=11-29 clusters® Some difference between 27A and 27B is only 0.05 eV. They have
satisfying results have been obtained. The FP-LMTOalmost the same stability. Second, the ground state structure
method??is a self-consistent implementation of the Kohn- of Si}; is a stacked structure consisting of three TTP sub-
Sham equations in the local-density approximation. In thisunits, which is different from that of & or Sk Third, there
method, space is divided into two parts: nonoverlappingare three compact structures among five different structures.
muffin-tin (MT) spheres centered at the nuclei and the re-Obviously, the stability of the compact structures increases.
maining interstitial region. The electron wave functions areFourth, the lowest energy structure of a,3inionic cluster is
expanded in terms of muffin-tin orbita’$ The LMTOs are  a perfectly prolate structure shown as 27E in Fig. 1, which
augmented Hankel functions, and are augmented only insidgiffers from those of neutral and cationic,Sclusters.

the MT spheres rather than in the interstitial regibrfe Al All three ground state structures of,$iSie and Sy

MT sphere radii for Si are taken as 2.0 a.u. The LMTO basisorrespond to 28A, which is a near-spherical compact con-
sets includes, p, andd functions on all spheres. Its potential figuration withD,, symmetry. The three clusters with differ-
and density are expressed as a linear combination of Hankeht electron number have different energy ordering in the
functions. The details of how the molecular dynamics can bether five structures. For the neutrahbgand cationic Sk,
performed are described in Refs. 24 and 25. The geometrighe second and third lowest energy structures are compact
obtained are true local minima of the total energy by meansithough their energy ordering is different. Their fourth
of the full-potential linear-muffin-tin-orbital molecular- stable structures correspond to different prolate configura-
dynamics (FP-LMTO-MD) method based on the single- tions. The prolate structures 28C and 28F still lie in the sec-
parent evolution algorithm. The reliability of the method ap-ond and third stable places for the anionigzSR8C is ob-
plied for the small silicon clusters has been testeBome tained by capping an atom on the end of 27E, which is the
comparisons with other sophisticated methods have beeground state structure of Si

also made? The results obtained are in good agreement with Starting fromn=29, the compact structures become more

An unbiased global search for the ground state structur
of silicon clusters withn=<18 had been performed success-

the related experiments. favorable. Except for 29D, which is a prolate structure cor-
responding to the fourth stable structure oj,Sall the other
Ill. RESULTS AND DISCUSSIONS structures are near-spherical compacty 8hd Sig have the

same energy ordering, but not for, i

Employing the sophisticated molecular dynamics method Whenn=30, a similar conclusion can be obtained. 30A,
mentioned above, we have obtained some important infor30B, 30C, and 30D with large binding energies are compact
mation on the silicon clusters within the scope of structuralstructures, while the prolate structure 30E is only the fourth
transition. The first four most stable structures are shown astable structure of §j. 28A, 29A, and 30A in Fig. 1 are the
in Fig. 1. Even though the bond lengths and bond angleground state structures of ,§i Si,q, and Si,, respectively.
between the neutral clusters and their corresponding ions afthey have the same symmetBy,. Although the coordina-
different, their basic configurations are similar. For simplic-tion numbers of the interior atoms in the three structures are
ity, their structures are shown in one identical chart. Thehigh (up to 8 or 9, most of the other outer atoms are tetra-
English alphabet n, a, and c in parentheses represent the ndiedrally coordinated. As the atomic number increases, the
tral, anionic, and cationic silicon clusters, respectively. Thecoordination numbers of the interior atoms would decrease.
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26A(n(l)) 26B(n(2),a(l),c(l)) 26D(n(3),a(4),c(3)
26C(a(2),c(2))
FIG. 1. The first four most
stable structures for the silicon
clusters withn=26-30. The let-

26E(n(4),a(3),c(4)) 27C(n(3),c(3) ters n, a, and c in parentheses rep-
resent the neutral, anionic, and
cationic silicon clusters, respec-
tively. The Arabic alphabets in
brackets correspond to their bind-
ing energy ordering.
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It is found from Fig. 1 that the energy ordering of many The different distortions result from the different polarization
cationic clusters is the same as that of the neutral clustersf electron spin charge density. In fact, because many of the
but only a few for the anionic clusters. Our calculations sug-structures for the neutral clusters have electronic structures
gest that many of the cations usually have similar configurawith a highest doubly occupied orbital, removal of an elec-
tions to the neutral clusters. But, generally, the anions havion from the highest occupied molecular orbitelOMO)
significant structural distortion compared with the cations.does not perturb the energy g&g between HOMO and
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\‘V
> 4
\‘V
> 4
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30B(n(2),a(2),c(3)) 30C(n(3),c(l1)) 30B(n(4),a(3),c(4))
(b)
LUMO (the lowest unoccupied molecular orbjtadignifi- oy =23 K| |D|2(E - B, (1)

cantly. But, because the additional electron in the anions
goes into the lowest unoccupied orbital, its Fermi level
changes definitely. The HOMO-LUMO gap is, by and large,wherel andk stand for the unoccupie@r antibonding and
often directly related to polarizability in a cluster syst¢m. the occupiedor bonding orbitals, respectively. The matrix

According to simple perturbation theory, the value of polar-element corresponds to the size of the transition dipole mo-
izability can be calculated by the following sum-over-statesment. Sinceax is inversely related to the energy gap, the term
expressiortl30 that contributes most significantly in sum-over-states expres-
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TABLE Il. The total binding energiegy, (in eV), their symme-
tries S, the energy gapg&, (in eV) between the highest occupied
molecular orbitaHOMO) and the lowest unoccupied molecular
orbital (LUMO) for Si,, (n=26-30 clusters.

Cluster  Sj, Siz; Sizg Siz Siz

E, (a(1)) 131.609 136.544 142.432 147.483 152.858
S(a1) Cs Dan Ca Cs Ca

Ey (@) 0.710 0.259 0.888 0.446 0.558
E, (a(2)) 131.420 136.395 141.943 147.375 152.153
S (a(z)) Cs CS C3v CZU C2v

Ey (a2) 0.728 0.226 0.933 0.374 0.306
E, (a(3)) 131.326 136.272 141.732 146.617 152.130
S (@&_3)) Cs Cs Cs Ca Cs

Eg (@) 0.887 0.411 0.650 0.694 0.460
E, (a(4)) 131.265 136.251 141.268 146.601 152.122
S (a(4)) Cs Cs Cs Dan Ca

Eq (a(4)) 0.430 0.227 0.106 0.294 0.469

ues of polarizability to those of their corresponding neutral
clusters than the anionic clusters. We have reason to think
that the differences of the geometries betwegra8d Sy are
mainly resulted from their electronic structures.

The binding energy per atofi,) for the neutral compact
(c) 30E (a (4)) and prolate clusterén=24-30 is shown in Fig. 2. When
n=25, the compact structure is almost as stable as the prolate
structure® For Si-, the two types of structures are degener-
ate in energy. Although the binding energiEgs for the
sion would be from those transitions between HOMO andyrolate structures decrease slightly afteis larger than 27,
LUMO. Much work has shown that the HOMO-LUMO gap the E,'s still rise up slowly as the atomic number further
correlates well with the polarizability of a systéfhAs men-  increases. We can come to similar conclusions for the cat-
tioned above, for the closed shell electronic structures, theynic clusters. Eor the anionic clustei, as a function of
positive ions would have about the same gaps as their correjuster sizen is shown in Fig. 3. Although it is somewhat

sponding neutral clusters, but usually not for the negativjifferent from Fig. 2,E, also increases slowly with cluster
ions. Therefore the cationic clusters would have closer valsjzen.

FIG. 1. (Continued.

TABLE I. The total binding energiek,, (in eV), their symme- TABLE lIl. The total binding energieg,, (in eV), their symme-
tries S, the energy gapg&, (in eV) between the highest occupied tries S, the energy gapg, (in eV) between the highest-occupied
molecular orbita(HOMO) and the lowest unoccupied molecular molecular orbita(HOMO) and the lowest unoccupied molecular
orbital (LUMO) for Si, (n=26-30 clusters. orbital (LUMO) for Si’ (n=26-30 clusters.

Cluster Sis Siy7 Sizg Sizg Sisg Cluster Sls Sy, Sijg Sibg Sizo

Ep (n(1)) 129.637 133.843 139.561 144.773 150.233 E,(c(1)) 125.978 130.716 136.254 141.771 147.349
S(n(1)) Cs Cs Co Co Co S (c(1)) Cs Cs Co Co Cy

Ey (n(1)) 1.276 0.720 0.483 0.438 0.366 Ey (c(2) 0.648 0.668 0.380 0.444 0.271
Ep (n(2)) 129.125 133.842 139.027 144.528 149.531 E,(c(2)) 125.792 130.663 135.885 141.640 147.323
S(n(2)) Cs Cs Cs Cy, Cy, S(c(2) Cs Cs Cs, Cyo Cy

Ey (n(2) 0.899 0.812 1.054 0.747 0.309 Ey (c(2) 0.592 0.484 0.437 0.524 0.268
Ep (n(3) 128.800 133.647 138.845 144.284 149.477 E,(c(3)) 125.646 130.375 135.733 141.355 146.691
S (ﬂ(3)) Cs C2u Cs Cs C2u S (C(3)) Cs CZU Cs CZU CZU

Eq (N(3)) 0.694 0.863 0.619 0.141 0.747 Ey (c(3) 0.541 0.766 0.789 0.212 0.322
Ep (n(4)) 128.173 133.170 138.637 143.741 149.290 E,(c(4)) 124.766 130.040 135.460 141.108 146.466
S (n(4)) Cs Cs Cs Cs Cs S (c(4)) Cs Cs Cs Cs Cs

Eq (n(4)) 0.446 0.792 1.150 0.860 0.094 Eq (c(4)) 0.337 0.713 0.837 0.541 0.524
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FIG. 2. The binding energieE,) of the compact and prolate ¢ 23 26 27 28 29 S0 n
structures vs the number of atoms foy,. Stilled circles are for the

FIG. 3. The binding energi of the compact and prolate
compact structures. The crosses are for the prolate structures. g gieeE,) P P

structures as a function of cluster sizéor Si,. Filled circles are for

. ] ) ) the compact structures. The crosses are for the prolate structures.
According to the discussions above, we find that the com-

pact structures are more stable than the prolate structur@s93, 4.97, and 4.98 eV, respectively. Obviously, the binding
starting fromn=28 for the neutral and ionic clusters. But, the energies of the stacked structures still increase slowly as the
stabilities of the prolate structures do not decrease with thetacked layers increase. However, when the atomic number
cluster sizen over a suitable range. The similar situation canfurther increases, they trend towards a saturation, then their
be found in the elongated Sin=10-50 clusters discovered stabilities decrease. 45A in Fig. 4 is built from five, Suib-

by Grossman and Mitd8. Their results suggest that the;$i  units. Its binding energy per atom is 4.98 eV, which is larger
cluster exhibits high stability in the range fron=2 to 23.  than the maximum 4.97 eV of Si 3 If we add two capping
Starting from n=25, the binding energies increase with atoms on the two ends of the,Sithe binding energy per
atomic number. We have investigated another stacked struetom of the Sj; is 5.00 eV. When atomic number is up to 54
ture consisting of tricapped trigonal prismySubunits® The  or 56, the stacked structures are unstable. 60A in Fig. 4 is
binding energies per atom of the,Sn=9+9, 9+9+9, 9 another stacked structure with 60 atoms. Its binding energy
+9+9+9, and 9+9+9+9+9stacked structures are 4.91, per atom decreases to 4.98 eV. For the compact structures,

- - o

— - - =

v N/ \/ v v
N AN N N N
b A7 R RN RN RN
\.2/ \.Z/ W \ 2/ w7

45A (4.98 eV)

AN AW AW AW AN A
N7 AN, 0 A\ P P &P AN P AN P AN

NI AN T TN RO

w v L7 v \ L~

60A (4.98 eV)

FIG. 4. The prolate structures
of Siys and Sgg clusters and the
near-spherical structure of g3i
cluster.

60B (5.13 eV)
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their binding energies increase faster compared with the praained using the full-potential linear-muffin-tin-orbital
late structures. For example, our calculation shows that thenolecular-dynamic§FP-LMTO-MD) method based on the
binding energy per atom of the compac{,3see 60B in Fig. single-parent evolution algorithm. The ground state struc-
4) with interior atoms can arrive at 5.13 eV. The total bind- tures are reported for the first time. We find that Qusters
ing energy of 60B is 9.00 eV more than that of 60A. change to the compact structuresnat27 from the prolate

C, Si, Ge, Sn, and Pb belong to the group IV in the peri-structures, while the transition occurs at28 for the
odic table. Their atomic structures adopt geometries frontharged clusters. For the neutral and ionic clusters, the bind-
chain, fullerene cages, and nanotubes for caf8grplate, ing energy ordering may be different. But, generally speak-
and compact structures for Si and & ?!prolate and near- ing, the ionic geometries corresponding to the neutral clus-
spherical structures for S¥,to compact structures for PB.  ters with larger binding energies have usually higher
Forn=7 andn=10 and 12, Si Ge,, and Sp clusters share stabilities. As the atomic number increases, the binding en-
similar structures. For larger clusters, their ground statergies rise for both the compact structures and the prolate
structures are different. It is found that the effects of a singlestructures. But, the former increases faster than the latter.
charge on the geometries of larger clusters are much led&’hen the atomic number arrives at a critical size, the stabili-
than those on the structures of smaller clusters for Si. This iies of the prolate structures would decrease.
similar to the situation of Sn clustet3.

ACKNOWLEDGMENT

IV. CONCLUSIONS . .
A Foundation for the Author of National Excellent Doc-

The ground state structures for the silicon neutral, anionictoral Dissertation of People’s Republic of China under Grant
and cationic clusters ranging from 26 to 30 have been obNo. 200320 supported this work.

1K. Raghavachari, Phase TransitioB4-26 61 (1990. 183, C. Grossman and L. Mit4$, Phys. Rev5RB, 16735(1995.
2K. M. Ho, A. A. Shvartsburg, B. Pan, Z. Y. Lu, C. Z. Wang, J. G. 1°A. Sieck, Th. Frauenheim, and K. A. Jackson, Phys. Status Solidi

Wacker, J. L. Fye, and M. F. Jarrold, Natteondon 392 582 B 240, 537(2003.

(1998. 20M. F. Jarrold and V. A. Constant, Phys. Rev. Le@7, 2994
3C. C. Arnold and D. M. Nuemark, J. Chem. Phyg9, 3353 (1991.

(1993. 21|, Rata, A. A. Shvartsburg, M. Horoi, T. Frauenheim, K. W.
4E. C. Honeaet al., Nature(London 366, 42 (1993. Michael Siu, and K. A. Jackson, Phys. Rev. Le85, 546
5S. Li, R. J. Van Zee, W. Weltner, Jr., and K. Raghavachari, Chem. (2000.

Phys. Lett.243 275(1995. 22\M. Methfessel and M. vanSchilfgaarde, Int. J. Mod. Phys7B
6B. X. Li, P. L. Cao, and S. C. Zhan, Phys. Lett. 316, 252 262(1993.

(2003. 23M. Methfessel and M. vanSchilfgaarde, Phys. RevA48 4937
"A. A. Shvartsburg, B. Liu, Z. Y. Lu, C. Z. Wang, M. F. Jarrold, (1993.

and K. M. Ho, Phys. Rev. Lett83, 2167(1999. 24M. Methfessel, Phys. Rev. B8, 1537(1988.
8A. A. Shvartsburg, R. R. Hudgins, P. Dugourd, and M. F. Jarrold,?°M. Methfessel, C. O. Rodriguez, and O. K. Andersen, Phys. Rev.

Chem. Soc. Rev30, 26 (2001). B 40, 2009(1989.
9E. Kaxiras and K. Jackson, Phys. Rev. Létil, 727 (1993. 260. K. Andersen, Phys. Rev. B2, 3060(1975.
10E, Kaxiras, Phys. Rev. B56, 13455(1997). 270. K. Andersen and R. G. Woolley, Mol. Phy&6, 905 (1975.
11C. Pouchan and D. Dégué, J. Chem. PhiR1, 4628(2004. 28M. Springborg and O. K. Andersen, J. Chem. Phg3, 7125
123, Nigam, C. Majumder, and S. K. Kulshreshtha, J. Chem. Phys. (1975.

121, 7756(2004). 298, X. Li, P. L. Cao, R. Q. Zhang, and S. T. Lee, Phys. Re\6'B
13D, V. Zhang, D. Bégué, and C. Pouchan, Chem. Phys. 1388 125305(2002.

283 (2004). 30D, Bégué, M. Merawa, and C. Pouchan, Phys. Re\6A 2470
14X. L. Zhu and X. C. Zeng, J. Chem. Phy$18 3558(2003. (1998.
15X, L. Zhu, X. C. Zeng, and Y. A. Lei, J. Chem. Phy$20, 8985  31J. Wang, M. Yang, G. Wang, and J. Zhan, Chem. Phys. [3&7,

(2004. 448 (2003.
16C. Majumder and S. K. Kulshreshtha, Phys. Rev68 115432  32G. von Helden, M. T. Hsu, N. Gotts, and M. T. Bowers, J. Phys.

(2004. Chem. 97, 8182(1993.
17S. Yoo, X. C. Zeng, X. Zhu, and J. Bai, J. Am. Chem. Sa25, 33C. Majumder, V. Kumar, H. Mizuseki, and Y. Kawazoe, Phys.

13318(2003. Rev. B 71, 035401(2005.

235311-7



