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Calculated polarizabilities of intermediate-size Si clusters
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We have used a first-principles, density-functional-based method to calculate the electric polarizabilities and
dipole moments for several low-energy geometries of Si clusters in the size rasgé<1R0. The polariz-
ability per atom is found to be a slowly varying, nonmonotonic function of N. Over this size range the
polarizability appears to be correlated most strongly to cluster shape and not with either the dipole moment or
the highest occupied—lowest unoccupied molecular-orbital gap. The calculations indicate that the polarizability
per atom for Si clusters approaches the bulk limit from above as a function of Siz@50-294{®9)07305-9

PACS numbdss): 36.40—c, 36.40.Cg, 61.46:w, 71.24+q

[. INTRODUCTION enhanced polarizability of electrons in dangling-bond states
on the cluster surfacels’]. Here we show that this trend

One of the fundamental goals of cluster science is to uneontinues for clusters in the range<tBl=<20.
derstand how the properties of clusters evolve with cluster In Sec. Il we discuss our LDA-based method for comput-
size. Progress toward this goal has been slow, however, di@g cluster polarizabilities. We then present and discuss the
in part to a lack of reliable information about the arrange-results of the calculations. We end the paper with a brief
ment of the atoms in clusters. Recently, some of us used asg#mmary.
accurate tight-binding model combined with a powerful ge-
netic algorithm(GA)-based search technique to identify the Il. COMPUTATIONAL METHOD
likely equilibrium structures for Si clusters in the size range ) o )
10<N=20[1]. The structures were further optimized using 'O determine the cluster polarizabilities using the LDA,
first-principles, local-density approximatishDA) [2,3] cal- ~ an external e_Iectrlc flelc_F is introduced into the standar_d
culations, and were checked for consistency with experimen-DA calculation. The field adds a term to the potential
tal, ion mobility data[1]. Further analysis of the ionization "S€en” by the electrons:
potentials of these clustef4] and of the cluster dissociation
energieq5] (and hence binding energjefirmly establishes Vexi= —e€r-F. 1
these structures as the species observed in the experiments.

Combining the new structures with those f9 10 that The Kohn-Sham equations are solved self-consistently in the
were previously known, it is now possible to shift attention Presence of this extra potential, and the resulting orbital
to the physical properties of the Si clusters, to study howvave functions are used to evaluate the total energy in the
they behave over the<IN=<20 atom size range. In this pa- Presence qf the external field. The mean cluster polarizability
per we focus on the electric polarizabilities of the clustersis then defined as
The polarizability is a basic property of an electronic system,
related in the bulk limit to the static dielectric constant. It is —_ lTr[ o] @
of particular interest for Si clusters because it can be seen as 3 '

a rough measure of the “metallic” character of the clusters
as compared with the semiconducting nature of bulk Si. It isvhere the elements of the polarizability tensor are
also possible that comparisons between measured and com-
puted polarizabilities may be used to help identify cluster PE  du,
structureq6]. = T CEOE.  JF.
Electric polarizabilities for small Si clusters in the range ! J

1§N§ 10 have been computed previously using fIrSt'HereE is the cluster total energy and, is a component of
principles methodf7—9], as well as values for selected other oo T
the cluster electric dipole. The polarizability is evaluated us-

Si cluster model$10]. The basic result of these calculations ing a finite difference aporoach. in which
is that the polarizability per atom of the small clusters is 9 bp '

larger than the corresponding value for bulk Si, inferred from (OF )= (= OF)

the bulk dielectric constant on the basis of the Clausius- = LTV M ! (4)
Mossotti relation. This has been interpreted in terms of the ! 26F;
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TABLE |. Calculated binding energieg,, HOMO-LUMO  an accurate numerical integration scheme for evaluating
gapsEy, dipole moments), and polarizabilities &) for Si,. The  cluster total energies and electric dipoles. We use large basis
values listed for the clusters through,Sare taken from Ref8]. sets including sixs-type, fivep-type, and fourd-type orbitals
The values for Sh; and Sj, are taken from Refd15] and[10].  centered on each atom, to insure convergence of the results
The values forEy, include a small, systematic shift of about 0.02 \ith respect to basis setfl5]. We use the exchange-
eV/atom when comparc_ed to the results ip Hdi. The differences correlation functional of Perdew, Burke, and Ernzerfis]
are due to the use of different LDA functionals. (PBE), at the LDA level. Benchmark calculations on small
hydrocarbons and the water molecule found that gradient

E,/atom Eq © “3 corrections to the LDA had only a minor impact on calcu-
Cluster (ev) (ev) (Debys (A®) lated polarizabilitie§11]. To test this directly for Si clusters,
Si, - - 0.00 5.88 we computed the polarizability of Siat both the LDA and
Si, ~1.994 0.00 0.00 784 generalized gradient approximatiogGGA) levels of theory,
Si, —2.965 1.01 0.32 5.21 obtaining 4.51 and 4.53 A respectively. Because of the
Si, 3541 1.07 0.00 5.07 small dlffgrences between LDA and GGA values, we opt to
Si —3.825 1.98 0.01 4.82 use the simpler LD.A level of theory here.
Sig _4.041 211 0.21 451 For the clust_ers in the range SH\I§20, we gs_ed the new
Si, _4187 210 0.00 4.36 structures obtained by Het al.[1], without ad_dltlonal_ relax-
Si B ation. Since these structures were not obtained usingrhe
i 4.122 1.42 0.00 4.54 - . . .

Si; 4034 199 0.28 4.38 LMOL codeg, we _flrst explicitly tested.the structures to insure
S 4857 203 0.73 432 that numerical dlffe'ren.c_es bet\_/veen mdepende'nt.LDA codes
10 : ' ‘ ‘ would not lead to significant differences in optimized struc-

5!11 —4.292 1.06 0.82 451 tures. We reoptimized the structure for Sivithin the NRL-

5!12 —4.324 2.12 0.14 4.59 MoOL codes, starting from the Het al. geometry. The addi-
Sh —4.322 0.93 122 4.52 tional relaxation was very small, changing the total energy of
Siyg —4.368 1.70 1.06 452 the cluster by only 0.02 eV. The change in the calculated
S —4.397 2.11 2.32 4.55 polarizability was also very small, from 4.59 to 4.54%Aor
Siiea —4.352 0.64 0.00 4.79 the unrelaxed and relaxed structures, respectively.

Siiep —4.350 1.64 0.00 4.66

Si;; —4.400 1.49 1.01 4.80

Sie —4.418 1.90 3.8 4.88 lll. RESULTS AND DISCUSSION

Sha —4.405 0.57 0.00 4.80 The basic results of our calculations are tabulated in Table
Siga —4.426 0.87 1.08 4.58 I, where we list the binding energy per atofa,], highest
Siig —4.411 1.15 3.32 4.88 occupied—lowest unoccupied molecular-orbitdHOMO-
Siyx —4.432 0.97 1.04 4.55 LUMO) gap (Eg), dipole moment 4), and mean polariz-
S —4.417 0.79 0.18 5.22 ability per atom g), for the lowest-energy clusters with 11
Sy —4.37 0.84 0.02 4.83 =<N=20. The GA search produced two isomers differing in
Sipy —4.40 0.54 0.79 4.58 binding energy by less than 0.02 eV/atom fde=16 and

18-20. Results are shown in Table | for each of these struc-
tures. We also include previous resulfg for Siy with 1

We use a field strength ofF;=0.005 a.u. to evaluate the <N=10 for completeness, as well as results for two addi-
derivatives. Fields of this size have been shown to yieldional isomers, one for §j (referred to below as &) and
well-converged results for the derivatiyé,11]. one for Sp; [15].

The field strength used in the calculations corresponds to A note is in order regarding the value of the polarizability
about 2.6< 10° V/m, or about two orders of magnitude larger of Si,. The value shown in Table |, 7.84 #atom, was ob-
than typical laboratory fields used to make polarizabilitytained for the ground state of the dimer, a spin triplet state
measurement§6] (about 2< 10’ V/m). For the calculated with a bond length of 2.27 A . The paramagnetic state of
dipole moments and polarizabilities for Si clusters discussethe dimer lies above the triplet state in energy, and has a
below, the energy shifts of the clusters in the laboratory fieldshorter bond length of 2.59A . The polarizability of the
would be very small. For the largest dipole moment calcuparamagnetic dimer was found to be 6.4G/Atom. This
lated (3.98 D for Sig,; see Table)l, the energy gained by latter value is in good agreement with the value 6.29
aligning the dipole in the laboratory field would be only A */atom reported earligi7], and suggests that that calcula-
about 1.6<10 % eV. This is over an order of magnitude tion was based on the paramagnetic state.
smaller thark T at room temperature, and two orders of mag- In Fig. 1 we show for reference the proposed equilibrium
nitude smaller than typical total energy differences betweerstructure for Sjy and the two lowest-energy models for i
cluster isomerge.g., 0.27 eV for the two lowest energy;$i  and Spy, respectively. Sp), Sig,, Shg,, and Sy, all con-
isomer$ [12]. The laboratory fields are thus not large enoughtain the basic building block that appears in most of the
to affect the energy balance between competing low-energgquilibrium structures over this range, the tricapped trigonal
structures. prism (TTP) [1]. In Si;, the TTP unit is seen from the side,

The calculations reported here were performed using awith a cap atom added to the top face of the prismg,Ss a
all-electron, Gaussian-orbital-based implementation of thestack of a TTP unit and a distorted TTP unit;;giis a
LDA known asNRLMOL [13,14]. TheNRLMOL codes feature symmetric stack of two TTP units; and,j is a quasisym-
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detailed arrangements of the atoms.

What accounts for the systematic difference in the polar-
izability for compact versus prolate clusters? Simple one-
electron perturbation theory of the polarizability yields

"2 2
ooy S o

K, €~ €

where the one electron matrix elements are between occu-
pied and unoccupied orbitals, arg- € is the correspond-
ing transition energy(The prime over the summation indi-
cated that terms witk=| are to be omitted.Focusing on the
energy denominator, this expression suggests the rough rule

of thumb thata should be inversely proportional &y, the

cluster HOMO-LUMO gap. However, Vasiliev, Ogut, and
Chelikowsky[7] pointed out that contributions from transi-
tions aboveEy can dominate this expression, and they

showed that the inverse relationship betweeand E, does
not hold in general.
The values in Table | also show that there is no simple

relationship betweerr and Eqy for Si clusters in this size
range. In some cases a cluster that has a large valbg ltdis

FIG. 1. Cluster structures for selected Si clusters in the 0 & large value ofx as well, while in other cases the opposite

<20 size range. Depicted are,§i two prolate isomers for §j, IS true. An interesting example is provided by the twggSi
and one prolate and one compact isomer fgg Si isomers shown in Fig. 1. Both are prolate, but one is a sym-

metric stack of nearly ideal TTP units, while the other is a
metric stack of two Sj units. The compact structure of,§i  TTP unit plus a very distorted TTP unit. The latter structure
is clearly different from the prolate §j, isomer. has a much larger band gap, 1.90 versus 0.57 eV, but the

The results in Table | show that among the propertiegpolarizabilities for the clusters are very similar, 4.88 As
listed onlyE,, the cluster binding energy, changes smoothly4.80 A3. In this exampleE is seen to be a local property of
over this size rangeEy and u change dramatically from the cluster, related to a local rearrangement of the atoms,
cluster to cluster with no overall trend. The valuesdoalso ~ Whereas the polarizability is apparently tied to the overall
show significant variation, but with an apparent correlationshape of the cluster.
to overall cluster shape that we now discuss. There is also little correlation between cluster dipole mo-

If we focus on the range §Sky, the clustersupto §  ment,u, anda in Table I. The value ofx fluctuates consid-
have relatively compact structures that can be viewed as TTErably from cluster to cluster, and reflects primarily the clus-
units with capping atoms added to various faces and/oter symmetry. Components of the electric dipole in directions
edges, as in the case of,§i depicted in Fig. 1. Beginning perpendicular to either reflection planes or rotation axes must
with Siys, the structures can be described as a TTP unit wittvanish by symmetry. Highly symmetric clusters thus have
an additional structure bonded to an end face of the prismsmall or vanishing dipole moments. The two prolatggSi
This stacking of structures increases the aspect ratio of theomers again provide a good examplegSis a symmetric
clusters, making them increasingly prolate. The stackingtack of TTP units, and it thus has a vanishing dipole mo-
trend continues over the larger clusters in the range, culmiment. The symmetry in the stacking direction is broken in
nating in the Sjy, structure shown in the figure, a stack of Si;g,, however, resulting in a different distribution of elec-
two Sigs. The polarizabilities of these clusters increase agron charge density in the upper and lower halves of the
they become more prolate, from 4.554or Sijsto 5.22 A% structure and a large dipole moment of 3.98 D.

for Siyg,. For the compact isomers;§j and Sy, , the po- To understand the differences in between prolate and
larizabilities are considerably smaller, 4.58 and 4.58 /& compact clusters it is useful to consider some of the impli-
line with the values found for the clusters with<15. cations of these shapes on bonding in the clusters. In Table Il

These values of the polarizability for prolate and compactve show the average coordination numbers and mean bond
clusters are consistent with the values found previously for éengths for the compact and prolate isomers fofy Sind
compact isomer of $j, 4.58 A3, and for a prolate isomer of Si,g. As shown in the table, the prolate structures have
Siyg, 4.83 A3 [10]. The Sh; model is roughly similar to the higher coordination numbers and longer bond lengths than
Si,g, Structure shown in Fig. 1, while the i structure fea- the compact structureéHere we have done the bond count-
tures a significantly different arrangement of the atoms thaing by assuming a bond to exist between any two atoms
the prolate isomers for §i-Sko. The fact that the polariz- separated by 2.6 A or le3sThe connection between average
abiity of these models are similar to those found for the othecoordination number and bond length has a ready physical
compact and prolate clusters reinforces the idea that the pdanterpretation. The greater the number of bonds in a cluster,
larizability can be related to cluster shape, rather than to thtéhe smaller the valence charge density that can be associated
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TABLE II. Average coordination numbekn), average bond see a transition in the value of the cluster polarizability from
length r, and polarizabilitye for compact (Si, and Shg) and  values around 5.0 A to values closer to 4.5 A over this

prolate (Sjg, and Shy,) clusters. size range. Since the measurements would average over the
— polarizabilities of all the clusters present, the transition may
Cluster (n) r (A) a be gradual, rather than steplike, depending on the relative

population of prolate versus compact clusters present over

Shea 3.47 2.44 4.58 the transition region.

Sha 4.21 2.46 4.88 Polarizabilities for Si clusters between nine and 120 at-
Sizea 3.20 2.40 4.55 oms have been measured receriy20,21. In contrast to
S 4.40 2.47 5.21 our calculated results, which show relatively small variations

in the value ofa over the size range ¥ON=<20, with all

with each individual bond. Each bond is then weaker ana/alues significantly larger than_the bulk limit, the measure-
thus somewhat longer than in a comparable system witf€nts show large variations ia over this range and an
fewer bonds. That the individual bonds are weaker in théverage value lying significantly below the bulk limit. The
prolate structures can be seen by comparing the binding efgxPerimental data include large error bars, which may ex-
ergy per bondfor the different Sj, and Sk, isomers. For the plain the differences between theory and experiment. It
compact structures we obtain 2.6 eV and 2.8 eV/bond, rewould be interesting to see measurements that improve on

spectively, but only 2.1 and 2.0 eV/bond for the prolate isothe error bars in Refi6]. For example, in order observe a
mers. transition in polarizabilities coinciding with a shape transi-

A rationale for the polarizability trends can now be given. tion in the clusters, the measurements would need to resolve

The compact structures have relatively fewer and shortefh@nges on the order of 10%. There is no clear transition in
bonds, binding the valence electrons tighter and in a smallghe value ofa occuring at around=26 in the current data
spatial volume than the prolate clusters. Since atomic polaf6]. We note, for reference, that the polarizabilities for alkali
izabilities can be related to the volume occupied by the elecand aluminum clusters are known to decrease with size and
trons, we can expect smaller polarizabilities for the compacapproach the bulk limit from abo&2,23.
clusters than for the prolate clusters. The same qualitative A close agreement between theory and experiment would
result linking the polarizability to the volume occupied by require that temperature effects be taken into account. At low
the orbitals can be obtained from perturbation theldry, temperatures the dipole moment of a cluster tends to align
although the broad assumptions required in the derivatiowith an external field. This alignment has the effect of con-
make it difficult to apply the result in more than a qualitative tibuting an extra term to the cluster’s polarizability. The total
way. effective polarizability can be shown to be

The atomic arrangements seen in Fig. 1 are clearly very
different from the bulk Si diamond structure. It is therefore
not surprising that the cluster properties shown in Table | are
far from the corresponding bulk values. The LDA value for

the bulk cohesive energy, 5.38 eV/atdiB|, for example, For clusters with large dipole moments like,Si Sijg, and

far exceeds the cluster binding energies given in the table. Tgi the second term is roughly equal @at room tem
1% » -

obtain a bulk value for the polarizability per atom we can useperature. At low temperatures the dipole-related term domi-
the Clausius-Mossotti relation

natesa for these clusters. Since the prolate clusters tend to
— 1) have larger dipole moments than the compact clusters, accu-
Uat»

2

— = M
aeﬁ=a+ STF (7)

(6) rately measuring cluster dipole moments could be another
approach to identifying cluster shape transitions. An impor-
tant point in this context is that the expression for the effec-
tive polarizability given above assumes the clusters to be in
thermal equilibrium in the external field. This condition may

not be satisfied in beam experiments in which the clusters

— 3
a_ﬂ €e+2

wherev 4 is the volume per Si atom in the Si unit cell, aad
is the static dielectric constant of the bulk. Takiag 11.8

anduv ;= 19.47 (the latter also from the LDA calculation of
Ref.[18]) we arrive at a value for the bulk atomic polariz- spend a very short time in the external field.

ability of 3.64 A%/atom. This value is considerably smaller ™ \y/ia experimentg19] have shown the prolate to com-
than the values for the clusters in Table |. Note thdor the pact transition to occur dfl =26, theEb results in Table |
compact isomers is much closer to the bulk value. The fac§yggest that the compact structures are already much more
that the bulk value is so small can be understood on the basigable atN= 19. This apparent contradiction may be resolved
of the argument given above, inasmuch as the short bull part by noting that atomization energies are well known to
bond lengths(2.33 A) correspond to smaller effective vol- pe overestimated in the LDA, a situation that is corrected to
umes for the valence electrons and thus a smaller polarizabikome extent using gradient-corrected function@sA'’s)
ity than in the clusters. o [24]. We have found previously that the GGA systematically
The systematic differences between the valuestdbr  favors prolate Si clusters over compact ofi@s]. To test
prolate and compact clusters are interesting in light of exwhether this trend holds for the clusters studied here, we
periments that show that a shape transition from prolate taomputed the GGA binding energies for,ggiand Spy,,
compact structures occurs for Si clusters at around 26 atomssing the relaxed LDA geometries for both. Within the PBE
[19]. According to the results in Table |, we would expect to form of the LDA, Shg, is 0.49 eV more stable than,gj. In
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the PBE version of the GGA, the two structures are essercause the cluster polarizability is less sensitive to local
tially degenerate, with the compact structures being lower byatomic rearrangements than other properties like the gap and
only 0.02 eV. Thus the GGA results indicate thaiNat 20,  dipole moment, it is arguably the best indicator of the devel-
the prolate clusters are essentially isoenergetic with the comepment of bulklike electronic behavior in clusters. It there-
pact structures. These results are in complete agreement witbre will be interesting to extend these calculations to larger
the calculations of Ref4], where similar calculations were cluster sizes as more structures become available.

done using different GGA functionals.
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