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Shape, polarizability, and metallicity in silicon clusters
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We compute the dipole polarizability for Stlusters across the prolate to compact shape transition region,
n=20-28, and also for a prolate and compact isomen=50. We find a clear shape dependence in the
calculated values, with prolate structures having systematically larger polarizabilities, and very different trends
in per atom polarizabilities with cluster size. The shape dependence is not due to highest unoccupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital gap differences or to differences in the binding of the
HOMO electron. Instead, charge density analyses show a metalliclike response of the clusters to an external
field. In addition, the size trends for the calculated polarizabilities for the compact and prolate clusters are
reproduced by the predictions of jellium models for spheres and cylinders, respectively, further suggesting that
these small clusters exhibit metallic character.
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I. INTRODUCTION sonet al.[6] extended the range to=20 by computingx for
structures found in the genetic algorithm search ofétial.

The electric polarizabilitye, measures the response of an[12]. They found thatx increases betweem=10 and 20 and
atomic cluster to a static external electric field. It iS, there-attributed the increase in part to the growing pro|ateness of
fore, a useful quantity for assessing the potential behavior ofhe clusters. On this basis, these authors also predicted that
clusters in nanotechnology applications. It is also a fundathe polarizability would show a shape-dependent decrease
mentally interesting property that cannot be extrapolated eagcross the prolate to compact shape transition. Later, Beng
ily from the behavior of corresponding bulk material, sincea|. [7] found polarizabilities over the range=10—28, using
the presence of the cluster surface typically makes the bongyrolate structures constructft?] by hand forn>20. These
ing in clusters very different from that in the bulk. In Si authors also found to increase from a local minimum near
clusters(Siy), for example, bond lengths are systematicallyn=10, climbing as the clusters became more prdlieBe-
shorter than in crystalline silicofc-Si) and average coordi- cause they only studied prolate structures, they did not ad-
nation numbers are larger. In this latter respect, clusters argress the change in polarizability across the shape transition.
more similar to liquid silicon(€¢-Si), which has a coordina- These calculated results can be contrasted with the experi-
tion number in excess of six], than to the four-fold coor- mental data of Schéafet al.[13]. While the calculations find
dinated,sp® packing inc-Si. The fact that(-Si is metallic, large values ofx for small clusters and a relatively smooth
while ¢-Si is semiconducting, raises the possibility that Sivariation with cluster size, the experiments find much
clusters may also exhibit metallic behavior in response temaller values in general, and dramatic changes with size.
external fields. Motivated by this apparent disagreement, Baztetral. [8]

Of added interest in the case of, & the dependence of  and Marouliset al. [9,10] also studied the small clusters,
on the overall cluster shape. lon mobility measuremgh& carefully investigating the effect of different levels of theory
indicate that silicon clusters, beginning at ten atoms, becoméncluding quantum chemistry versus density functional-
more prolate with increasing size up to aroursi25, where-  based approachgdifferent basis sets, and different choices
upon they make an abrupt change to a compact quasisphedf cluster structure on the calculated polarizabilities. The re-
cal shape for larger sizes. It is reasonable to expect that thisults showed that such differences in methodology have a
shape change would have a clear signature in the electronielatively small effect orw. For example, density functional
properties of the clusters, including and quantum chemistry results using comparable basis sets

There have been a number of theoretical studies of Sagree to within about 1% for ${9]. Thus, differences be-
cluster polarizabilityf4—10]. Most of these focus on small tween theory and experiment cannot be due to methodologi-
clusters, for which the ground state structures are well knowial issues.

[11]. Vasiliev et al. [5] performed the first systematic study A significant barrier to extending the polarizability calcu-
of « (in this papergq refers to one-third of the per atom trace lations to larger clusters lies in first finding the appropriate
of the cluster polarizability tensor, unless otherwise nptedground state structures. This is a very complex problem for
for n=1-10, using a pseudopotential-based method and theusters containing more than ten atoms. Recently, we con-
local density approximatiofLDA). They found that the po- ducted extensive searchg$4,15 that yielded the lowest-
larizability of the small clusters is significantly greater thanenergy prolate and compact structures fop, 8 the n

the bulk limit of 3.7 A/atom, inferred from the bulk dielec- =19—28 atom size range. These structures correctly repro-
tric constant using the Clausius—Mossotti relat{@), and  duce all known experimental data for cation and neutral clus-
that its value decreases smoothly over this size range. Jacters, including the prolate to compact shape transition at

1050-2947/2005/18)/03320%6)/$23.00 033205-1 ©2005 The American Physical Society



JACKSONet al. PHYSICAL REVIEW A 71, 033205(2005

=25. Using the same search algorithm, we have also found a
low-energy compact structure for=50.

These new structures present an opportunity to probe the
evolution of« for realistic geometries over a wide size range
and to examine the shape dependence imth20—28 atom
size range where prolate and compact structures are nearly
degenerate. In this paper, we present calculated polarizabil-
ities for these new structures and use the results to explore
the shape dependence inand to characterize cluster size
trends for both prolate and compact isomers.

Il. METHOD

The calculations were done using the same finite field
methodology employed in our previous waor&]. We used
density functional theory in the generalized gradient approxi-
mation (GGA) of Perdew, Burke, and Ernzerh¢16], as
implemented in th&wsRLMOL program[17]. The Gaussian or-
bital basis set used for each Si atom was constructed from 16
Gaussian exponents, contracted to sessype, Six p-type,
and fourd-type orbitals. The longest-ranged function of each 3909
orbital type had an exponent of 0.05396.

The electric polarizability for an atomic cluster is defined

&
as ¢ /‘t \ N
du o ~
o = i (1) 3.920% —

dF; Fj:01

wherey; is theith component of the cluster dipole moment ~ FIG. 1. Lowest-energy prolate and compagf Sifuctures found
andF; is thejth component of an external electric field. The in Ref. [15]. The cohesive energy in eV atom is given for each
derivative can be evaluated by finite differences using thec,tructur(_e. It can be seen that the cohesive energy is larger for the
results of independent self-consistent calculations run witfprolate isomers untih=26, whereupon the compact isomers be-
and without a uniform static external electric fieldAfisa ~ “°™® More stable.

small field, ) )
tures become more stable. For the corresponding cation clus-

_ wi(F)) = wi(=F)) ters, the transition in stability occurs at£25, in agreement
dij = 2F. ' 2 with the shape transition observed in ion mobility measure-

. ments[3]. Comparisons of computed and measured ion mo-

where u;(F)) is the dipole moment obtained in the presencepjlities and cluster dissociation energies are also in excellent
of F;. A magnitudeF;=0.005 atomic units yields converged agreement for the cationd5], providing strong evidence
results for the derivatives. We carry out independent calcuthat the cation structures obtained in the search are the same
lations withF in the #x, y, andz directions to evaluate all the as those present in the experiments. Since the neutral isomers
tensor components. The self-consistency criterion for the towere obtained with the same search methodology, we assume
tal energy was set at 10Hartree, to ensure accurate valuesthat the structures in Fig. 1 are the global minima fog Si
of u. As mentioned above, we report results for the averaggvith n=20-28.
polarizability per atom for the clusters, i.ex=(1/3n)(axyy In Fig. 2, we show one prolate and one compact isomer
+ay,+a,;), wheren is the number of atoms in the cluster. for n=50. The compact structure is the lowest-energy struc-
ture found in an extensive ground state search using the
method of Ref[15]. While it has not been proven to be the
ground state, the structure is certainly low in energy and
Figure 1 shows the lowest energy compact and prolate Sitherefore physically reasonable. Because they are relatively
isomers found in our extensive searches for the globahigher in energy fon> 26, prolate structures do not emerge
minima forn=20-28[14,15, along with their cohesive en- from ground state searches mt50. Instead, the structure
ergies(in eV atom. The prolate structures can be describedshown in Fig. 2 was constructed by joining two prolate
as stacks of stable subunits. The prolatg; Structure, for =26 isomers, removing a single cap atom from each before
example, consists of two ten-atom units, joined by a centrajoining them. Since it is formed from stable subunits, we also
six-atom ring. The compact structures have no correspondingxpect this structure to be physically reasonable.
growth pattern. We focus first on the properties of the clusters in the
As shown in the figure, the cohesive energy is larger for=20—28 size range, over which prolate and compact struc-
the prolate structures until=26, whereupon compact struc- tures are nearly degenerate. There are clear systematic differ-

IIl. RESULTS
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reflecting a separation of charge along the long dimension of
these clusters. This occurs because of differences in the ef-
fective electronegativities of the different subunits stacked
along the prolate axis. In gj for example, the lower $j

unit has a net charge of roughly +@,lhe central six-atom
ring a net charge of —0el and the top S unit is approxi-
mately neutral. The dipole moments are very small for most
of the compact clusters.

The cluster polarizabilitiesy, are also larger for the pro-
late structures than for the compact. The typical difference at
each size over tha=20-28 range amounts to roughly 10%
of the prolate value.

The prolate/compact differences in HOMO-LUMO gap,
en M, and a occur not only for the lowest-energy isomers,
but for higher-lying isomers as well. Therefore, the differ-
FIG. 2. Prolate and compact structures fer50. The compact ences can be clearly associated with overall cluster shape.

structure was obtained using the search method of [R&f. The As was true for the smaller clusters, there is a general lack
prolate structure was formed by joining two low-energye3s0-  of agreement between the polarizabilities given in Table |
mers, and removing a single cap atom from each. and the experimental values of Schadeal.[13]. Again, the

experimental values are generally much smaller and show
ences in the electronic properties of the two cluster types, aguch larger fluctuations with cluster size, between values of
shown in Table I. The highest occupied molecular orbitalahout 2.5 & per atom forn=25 and about 4.5 Rper atom
(HOMO)-lowest unoccupied molecular orbitdlUMO) gap,  for n=23, with an average value of about 3.8 Aver the
Eg. is larger for the prolate than for compact clusters at everyangen=20-28[13]. The computed values in Table | lie in
size. The average value is 1.34 eV for the prolate clusterghe range from 4.5 to 5.13%per atom, with an average
and 0.70 eV for compact. For comparison, the bulk Si bandajue of 4.8. Note that since the clusters have nonzero dipole
gap within the GGA is about 0.65 e\8]. The value ofeyy,  moments, an additional terqe?/3kT, should be added to the
the HOMO energy level, is deeper for the prolate structuresgxpression in Eq(1) to give the effective polarizability seen
implying that the HOMO electron is more strongly bound injn experiments. This would increase the calculated values
the prolate than in the compact structures. The average valygayond those reported in Table I, particularly for the prolate

for the prolate structures is —5.31 eV, compared to —4.93 e\¢|usters, increasing the disagreement between theory and ex-
for compact. This difference coincides well with the fact thatperiment.

the compact structures have smaller ionization energies than
the prolate[19]. This has the effect of making compact cat-
ion clusters somewhat more stable than prolate cations, rela-
tive to the corresponding neutrals, and accounts for the slight It is interesting to consider the origin of the shape depen-
shift in the shape transition thresholdrig25 fromn=26 in  dence ina seen in Table |I. We note first that the prolate/
the cation clusters. compact differences cannot be explained on the basis of the
The cluster dipole momentg,, are also given in Table I. HOMO-LUMO gap,E,, or the HOMO binding energy. A
The values are generally larger for the prolate structuressimple perturbation theory argumdis holds thata should

IV. DISCUSSION

TABLE I. Calculated HOMO-LUMO gafdEg), HOMO level (ey), dipole momentu), and average per
atom polarizability(«) for the lowest-energy prolaté?) and compactC) Si, clusters withn=20-28. The
structures for these clusters are shown in Fig. 1.

Eqy (eV) ey (V) u (Debye a (A% atom

N P C P C P C P C

20 1.78 0.96 -5.31 -5.14 0.53 0.41 4.93 4.59
21 1.68 1.02 -5.44 -5.09 0.55 0.03 5.09 4.68
22 1.18 0.64 -5.25 -4.95 1.25 0.07 4.86 4.54
23 1.19 0.64 -5.50 -4.93 1.13 0.32 4.99 451
24 1.71 0.85 -5.36 -4.93 0.62 0.21 4.97 4.55
25 1.47 0.45 -5.41 -4.65 0.76 0.18 5.13 4.60
26 1.32 0.42 -5.33 -4.87 1.10 0.53 5.09 4.70
27 1.12 0.73 -5.20 -4.93 1.11 0.53 5.06 4.64
28 0.96 0.60 -4.93 -4.90 0.13 0.75 5.03 4.57
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FIG. 3. Total cluster polarizability for Jivs 1=2i_;r{" for the niform external electric field to the prolate and compact isomers
clusters in Fig. 1. Here; is the distance of atomfrom the cluster  for sj,. The shading indicates atoms that have gained or lost more
center of mass. Filled diamonds represent compact clusters anfan 0.02. Light gray atoms have lost charge, while dark gray
open squares prolate. atoms have gained charge.

be inversely related t&g, but in Table | prolate clusters can

be seen to have both larger gaps and larger values aff . R, .
each cluser size. Furthermore, clusters with more tightly The gharge transfer depicted in Fig. 4 .shows.a metal-like
attern in both clusters, as the external field drives electron

bound valence electrons might be expected to be less polar: . )
izable, suggesting that that, should be inversely related to charge from one s@e of the cluste_r to the oth_er, while the net
a, but again the results in Table | show that the opposite ischarge on the interior atoms remains approximately constant.

true for prolate and compact clusters. The shape dependengaéjmmIng over the surface atoms, we find a net charge trans-

must therefore b d th diff in electronite" in the range of 0.20_to 0.28for the compact cluster
structure. go beyon ese diierences in elec ronldependlng on the field orientation, and 0.20 to @.8% the

Denget al.[7] took a different approach to modeling the prolate structure.

shape dependence, studying the relationship betweetothe The metalliclike distributions shown in Fig. 4 suggest that

tal cluster polarizability and a simple geometrical parameterS1Z€ trends in the polarizability could be understood using

I:Ein—lrizv wherer, is the distance of ator to the cluster Mmodels appropriate for metallic systems. The jeIIium. model
center of massl increases relatively faster for prolate than [29’231 assumes that electrons move in th.e potential qf a
for compact clusters and could, therefore, explain the in_unlform positive background charge, mimicking the effective

crease ina with prolateness. In Fig. 3, we plot the total potential seen by conduction electrons in a metal. Using self-

polarizabilities versus for the prolate and compact clusters consistent LDA calculations, Bedi2] found that the polar-

with n=20-28. The figure indeed shows a correlation be-'Zability of a jellium sphere can be expressed as:

largest value of5q in both clusters is approximately 089

tweenl and «, but the correlation is clearly different for the a=(r+9)°, (3)
two cluster shapes. The shape dependence is clearly mor i i .
complicated than the difference irbetween clusters. w%erer is the radius of the positive background charge and

An alternative approach to understanding the shape déS the so-called spill-out parameter, simply interpreted as the
pendence begins by examining the effect of an external elediStance the electronic density extends beyond the back-
tric field on the distribution of charge in the clusters. To do9round positive charge. Gua al. [23] recast this equation
this, we divide space into a collection of atomic volumes,!® Mmodel the results for Naclusters, expressing the sphere
analogous to Wigner—Seitz zones in periodic systems. ThEdius in terms of the atomic number densjy,
volume for a given atom is that region of space geometri- 3 \B 5 |3
cally closer to the chosen atom than to any other in the clus- a/n= {(_> T;] (4)
ter. The atomic chargey; is the integral of the total charge
density within the corresponding atomic volume. It is aUsing our calculated value af for the Si atom, 5.98 A and
straightforward matter to define the atomic volumes and tahe bulk limit «=3.71 A, we can fit the two parameters in
computeg; using the numerical integration meshNRLMOL  this equationp and §, yielding p=6.43x 10?2 cm ™3, which
[17]. corresponds to a mass density of 2.99 gicrand &

Changes in the charge distribution related to an externat0.278 A. These values can be compared to the analogous
field can be visualized by comparing atomic charges calcuguantities for¢-Si, which has a density of 2.59 g/émat T
lated with and without the field. In Fig. 4, we showg; =1800 K [1] and an average bond length of 2.55 A, esti-
=qi(Fj))—q;(0), for a magnitudgF;|=0.001 a.u. in two per- mated from the pair correlation function given in REE).
pendicular field directions for both prolate and compact The average bond length in Si clusters at 0 K is about
=26 isomers. Shading is used to indicate atoms that gain .45 A. Scaling the¢-Si density by (2.55/2.45° yields
lose more than 0.@2as a result of the external field. The 2.92 g/cmd, within about 2% of the result of the fit, showing

A7p n
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8.00 2 ® Jq(t 2
O Compact v= —J (1 —e‘ﬁt)<£> dt (6)
7.50 B Pprolate | BJo t
E 7.00 7 — Jellium sphere ’ . . i .
® Je"iumcplinder P where8=L/R, L is the cylinder length, an® is its radius.
‘e 650 - ¥ Measuring directly from Fig. 4 and assuming the bound-
> ] Bulk limit ary for the jellium background to extend one-half a bond
5 600 length beyond the centers of the outermost atoms, we find
§ 5.50 R=3.68 A andL=15.0 A for the prolate $jisomer. We use
s I\ the same value dR for the remaining prolate clusters, since
o 500 AA -‘H all are constructed from similar subunits. The cylinder length
g I il in (A) can then be given ds=(15.0/28n, since the cluster
9 45071 AL dwn At tn O \ _ ; -
= : volume scales linearly witim and is proportional td..
4.00 - The results of the jellium cylinder model are also plotted
B0 T e in Fig. 5. The model underestimates the calculated polariz-
o 10 20 a0 0 50 60 abilities nearn=10 but reproduces the general increasing

trend for prolate cluster§illed squares Particularly striking

is the fact that the model extrapolates nearly perfectly to the
FIG. 5. Trends in the per atom average polarizability fay. Si calculated value for the=50 prolate structure. The relative

The filled squares are for prolate clusters and the open squard@ilure of the model at the smaller sizes is likely due to the

compact(n=20-28. The open triangles are calculated values ob-assumption of cyIindricaI geometries. This description is
tained for the ground state clusters with<20. These become in- Crude at the Sma”er Slzes Where the C|USterS are more nearly

creasingly prolate over the range=10—19. The solid line is the Spherical, but becomes increasingly apt for the larger clusters

prediction of Eq(4), the jellium sphere mod¢p4]. The dashed line  [25].

is the prediction of Eq(5), the jellium cylinder mode[18]. Figure 5 shows that jellium models reproduce both the

magnitude and the cluster size trendseofor both the pro-

that the fit value is physically reasonable for a metallic Silaté and compact clusters over the intermediate size range,

structure at low temperature. suggesting that the clusters display a metal-like response to a
The value fors from the fit is about 11% of the cluster Static field. This result can be understood in qualitative terms

bond length, a reasonable value giving its spill-out interpre?Y @ppealing to the structural similarities between clusters

tation. This is somewhat smaller than the roughly 25% rati®nd¢-Si, which is metallig1]. The clusters in Figs. 1 and 2

found for Na, [18]. The difference may reflect stronger bind- featu_re average coordination numbers for all atoms of ap-
ing of the electrons in Si proximately 4.5 for both prolate and compact structures. The

The prediction of Eq(4) is plotted in Fig. 5 along with values for interior atoms are naturally larger than for atoms
the first-principles values of. The latter show significant ©On the surface. In the compact,gstructure, for example,
variation from the model, especially for smaller cluster sizesth€ two interior atoms are seven-fold coordinated. For com-
but the model fits the overall cluster size trend for the comParison, the coordination number for atoms#$i, obtained
pact clustersopen squarésvery well, including the value by integrating the radial distribution function out to its first
for n=50. The slight decrease with size is due to the dimin-Minimum, is about 6.41]. In these highly coordinated struc-
ishing impact of the spill-out radius, which becomes atures, the bonding combines covalent and metallic character,

smaller fraction of the overall cluster radius with increasing’®Sulting in a nonzero density of states at the Fermi level in

size. the case off-Si, and the metallic response seen in Fig. 5 in
For the prolate clusters, we turn to a model described b€ clusters.

Apell et al.[24] for jellium cylinders. The model was origi-

nally developed to treat the energy deposition of fast ions in V. SUMMARY

materials, taking into account effects due to the shape and

geometry of the target molecules. Combining expressions for |n this paper, we have used the structures obtained in a

the average excitation energy of a jellium system with sumrecent ground state search for, $iL5] to investigate the

rules for oscillator strengths and the polarizability, they de-shape dependence of cluster electronic properties. We find

rived an expression for the average polarizability, of a clusprolate clusters to have systematically larger HOMO-LUMO

ter: gaps, dipole moments, and polarizabilities than compact
clusters across the range 20—28. By also including results
vV for prolate and compact isomers foe=50, we explore the

a=—7, (5) shape-dependent trends with size for both cluster types. In

v(B) Fig. 5, we see that the per atom polarizability for compact

structures decreases slowly with size toward the bulk limit,
where V is the cluster volume, and is a depolarization whereas prolate clusters become increasingly polarizable.
factor that depends only on the cluster shape. For a jelliunBoth trends are captured very well by jellium-based models
cylinder, of the polarizability, suggesting that the response of these
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clusters to a static external field is metallic, a conclusion thaphysical properties of the clusters will change as this occurs.
is reinforced by an analysis of charge transfers in the clusteréd/e are currently working to address such questions.

due to an external field, as shown in Fig. 2.
It is clear from Figs. 1 and 2 that subnanometer silicon
clusters have not yet evolved ttsg® bonding pattern of
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