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Exciton-induced lattice relaxation and the electronic and vibrational spectra of silicon clusters
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The geometrical structures and electronic and vibrational spectra of silicon clusters with 20, 60, and 70
atoms are investigated. Using a first-principles quantum-molecular-dynamics method we obtain the equilibrium
structures, and study the effects of an exciton-induced lattice relaxation in these systems. The relaxation
induced by the exciton may result in a strong distortion of metastable structures, accompanied by changes in
the electronic and vibrational spectra. This photoinduced deformation is associated with the presence of nearly
degenerate electronic states in the metastable structure, similar to spontaneous Jahn-Teller distortions. The
distortion yields lower symmetry and energy, suggesting the trapping of excitons in some of these structures.

l. INTRODUCTION approache$24511.22A combined tight-binding and density-
functional-theory scheme was used to calculate the structural
The competition between geometrically symmetric fea-stability and electronic properties of silicon clusters up to 14
tures that distribute strains evenly and the requirements foatoms® The electronic and vibrational spectra of equilibrium
appropriate bonding characteristi€éangles, bond lengths, structures of small clusters have also been obtained using a
etc) determine the equilibrium structure of small covalentfirst-principles electronic method based on the Harris func-
clusters. The particular case of silicon clusters is illustrativetional version of the local density approximatidithese re-
of this competition, and has received a great deal of attentiofults were in excellent agreement with experiment and other
in recent years both from experimental and theoreticafirst-principles calculations for small Si clusters.
groupst~22 While a high degree of stability is achieved in  For larger silicon clusters, fullerenes and possible “magic
small to medium sizearbonclusters by a variety of highly number” cluster stability have been studied theoretically also
symmetric fullerene structuréd such is not the case in sili- by several techniqué$—' An approximate tight-binding
con. The tendency of the latter to preferentially fosp®>  molecular-dynamics approach was used to examine the
bonds appears to inhibit the formation of many symmetricstructure of various clusters, including 50, 60, and 70
fullerenelike structures. To what degree this fourfold bondingatoms*? Moreover, the equilibrium geometry of ggihas
environment has to be satisfied while introducing strains dudeen studied by a semiempirical metfiband a generalized
to finite-size and/or surface effects has been the subject ¢fght-binding molecular-dynamics scherfeAccording to

some debate in the literatute?? Menon and Subbaswamy, a compact network structure of
On the experimental side, a number of interesting obserSig, Obtained after relaxation of the cluster built from blocks
vations in small silicon clusters have been repofed Al- of bulk diamond structure is more stable than @, sym-

though no “magic numbers” in intermediate-size silicon metry fullerenelike structure of §j. Other interesting struc-
clusters have been identified with regard to the stability otures, such as cylindrically stacked benzenelike or naphtha-
abundance of clusters, it has been found that clusters witkenelike structures, have also been used to explain the
25, 33, 39, and 45 silicon atoms exhibit lower chemicalfragmentation spectra of Sand Siy,° and compared with
reactivity’~° At the same time, the optical spectra of neutralfullerenelike cage structuré3l® The latter structures are
clusters with 18 to 41 silicon atoms show that all these clusfound to be more stable than the stacked geomeffies.
ters have essentially identical photodissociation en¥tgy. In a related development, Rdisberger, Andreoni, and
Moreover, although detailed structural studies of small clusParrinello found that the structure of silicon clusters consists
ters are not possible experimentally, cluster diffusion experiof two shells of atoms in $i.!® Here, the outer shell has the
ments suggest an interesting transition from prolate teshape of a fullerenelike cage with either 38 or 39 atoms,
spherical or oblate shape for clusters with more than 2%while the inner core atoms show high coordination as they
atoms® saturate dangling bonds introduced by the finite size. Re-
The equilibrium structures and bonding in small silicon cently, Menon and Subbaswamy have presented a thorough
clusters have been investigated theoretically using severatability analysis of various models proposed for thgs Si
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cluster®®19 ysing their generalized tight-binding Il. THEORETICAL APPROACH

molecular-dynamics approaéh?* They find that it is indeed . . .
the lower symmetry clusters that have the lowest energy and () Molecular dynamics The first-principles quantum

exhibit a highly coordinated core, just as proposed in Refmolecular-dynamlcs method developed by Sankey and co-

18. At least for this size, the geometry of the cluster forces\’vorkferS IS us_ed in this pap%gr.Tms_ m_ethod Is based on fche
S density-functional theory(DFT) within a pseudopotential
overcoordination in the core atoms.

. . ﬁcheme, and makes a number of approximations that sim-
In this context, we present here a detailed study of a sma lify the electronic structure calculation to give efficient and
cluster, Sjy, and intermediate size clustersggSand Sig. b g

The latter have fullerenelike metastable structures Withaccurate results in good agreement with experimental and

. . other theoretical dath? A complete description of the main
slightly higher energy than the compact network lowest- . 33 229
e o . approximations uséf~*is presented by Sankest al?
energy structures, while j, consisting of just 12 penta-

. ... This local basis LDA method has been tested for the elec-
gons, does not have a fullerenelike metastable structure Wltp . o L
threefold coordination. This difference would point perhans ronic and vibrational spectra and equilibrium structures of
to the additional stabilit of the geometry in F'zhe flfllerenpe small silicon clusters of up to seven atofiiBhe resits are
; y ot the g Ty in | in good agreement with experimefit,and other first-
structure. We find that the minimum configurations are all of

the compact networkhigh coordinatioh type. The network p_r|n0|ples methods for small .S|I|con clustérghe ’T‘eth.Od .
. . . yields acceptable accuracy with moderate execution time in
structures in S and Sy have a more spherical shape than

Si howing a similar structural transition to that su e he investigation of various covalent systems. It has also
20, SNOWING L uctura sttio at suggesteq, ,ven very useful in the description of various bulk sys-
by Ref. 3 for S}™ ions. The lowest-energy structures are

. . ms, surfaces, and amorphous materfalsiotice that al-
found to be closely packed clusters with an overcoordinate

We study their structural " Il as the el ough this technique is more computationally intensive than
core. We study their structural properties, as well as eeeCs?emiempirical approaches, its transferability is amply

tronic level structure and vibrational spectra, and explore they, .\ <1085 and it does not involve fitting to experimen-
stability of the fullerene structures under thermal excitations,,| qata. It isidéal for clusters, where the periodicity imposed

Incidentally, we find that the binding energy per atom in allby selecting a plane-wave basis is highly inappropriate.

clusters studied is very similgin the network configura-  ~ () |njtial geometry equilibrationWe start our analysis
tions), in agreement with the lack of magic numbers de-considering ideal structures: spheroidal hollow ~ideal
scribed above. fullerenes with the highest symmetry obtained from the cor-

Moreover, we study the stability of the structures underresponding carbon structures after proper scaling to Si-Si
exciton-induced lattice relaxations, which could be exploredhond lengths, which represent the minimum energy ideal
in photochemistry experiments. We find that, similar to thestructure for each case studied. The metastable and equilib-
case of partly ionic compound$ a self-trapping of the ex- rium structures that follow are obtained by employing both
citon occurs whenever the induced lattice distortion splits thennealing and quenching proces$edn the annealing
nearly degenerate states of metastable clusters, lowering tieethod, we subject the cluster to large temperatures and re-
symmetry of the structure and the overall energy of the syslax the system for enough tinigypically 4800 fg to achieve
tem. This effect is reminiscent of the Jahn-Teller effect ina highly disordered structure. We use various annealing tem-
neutral and charged carbon clusters, as discussed recently B§ratures to explore the stability of the equilibrated struc-
Adamset al,?® the self-trapping of core excitons and valencefures, typically a few thousand degrees Kelvin. After anneal-
biexcitons in bulk diamond, as discussed recently by Mauri"d for enough time, the structure is “cooled” using the
and CaP® and the effects of light-induced network reorgani- dynamical quenchingechnique. In the dynamical quenching

zation in a-Si (the Staebler-Wronski effegtas studied by process, the temperature of the structure is reduced by re-
Fedders. Fu. and Drabofd moving the kinetic energy of the aton{setting the indi-

vidual velocities to zerpevery time the global kinetic energy

reaches a maximum during the molecular-dynamics runs.

The repeated removal of the excess kinetic energy drives the
ystem into a continuously lower-energy state, finally leaving

In photochemistry, the light-induced distortion is an ex-
ample of an “internal conversion” which allows for physical
relaxation of the structure before a perhaps radiative decay

recombinati.o.n. of electron-hole paft.Notice also that. _this it in a metastablgand likely the lowest-energy or “equilib-
“photosensitivity” can be used to explore the stability of vj,m") configuration. The lowest-energy structures are ob-
various structures, as the absorption coefficient of an assensined when the high-temperature annealing and the succes-
bly of clusters would change dramatically under light exXpo-sively lower (room) temperature annealing are performed
sure. before the quenching, while metastable structures are ob-
The remainder of the paper is organized as follows. Weained when just a dynamical quenching run is performed
briefly outline our theoretical approach in Sec. Il. Here, westarting from the ideal fullerene cluster geometries.
introduce the first-principles molecular-dynamics technique In the small- and intermediate-size ranges, we study clus-
of Sankey and co-workefS.We also describe the simulation ters with 20, 60, and 70 atoms. Each cluster size is config-
processes to obtain the equilibrium structures, the vibrationalred initially in the ideal fullerene cage structure with an
spectra, and exciton-induced lattice relaxation. In Sec. llI, weoverall scaling having the minimum energy in each case, and
discuss the resulting geometrical structures and the electroniben either quenched only or quenched and annealed, in or-
and vibrational spectra of the equilibrated fullerenelike struc-der to equilibrate the system. The resulting structures are
tures for silicon clusters of 20, 60, and 70 atoms. Finally, inthen comparedafter repeated annealing and quenching, in
Sec. IV, we present a brief discussion and conclusions.  one case, to ensure that we find the lowest-energy)siate
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(d)

FIG. 1. Sig cluster: (@ The initial ideal configuration of the . . .
silicon fullerene structure(b) Metastable fullerenelike cage struc- _ F/G- 2. Same as Fig. 1, but for the,Stluster (a) to (d): (&)
ture after just quenching d8) is performed.(c) Equilibrium net- Ideal fullerene configuratior{b) Metastable cage after just quench-

work structure after repeated annealing and quenching are pef?d Of (. () Lowest-energy configuration achieved after repeated
formed. This is the lowest-energy cluster fourd) Metastable annealing and quenching processé&d. Metastable fullerenelike

fullerenelike cage structure with exciton after lattice relaxation. No-C29€ structure with exciton after lattice relaxation. Almost no
tice strong reconstruction associated with exciton self-trapping. change with respect tth).

far as the total energy per atom, pair-correlation functions?'ble quasiparticle _self-energ_y Corr_ections, but these are ex-
electronic state spectrum, and the harmonic vibrational spe@cted to be small in comparison with the energy changes we
trum, as described below. report below?

(c) Vibrational modesThe vibrational spectra for each
equilibrium and metastable structure are obtained by con- IIl. RESULTS
structing and diagonalizing the dynamical matrix of the
structure,q&'c{ﬁ. This is obtained by displacing atomfrom
its equilibrium position by a small distanc¥ in the « di- In Figs. 1, 2, and 3, the characteristic geometry of the
rection, and calculating the forces acting on atprim the  various structures is shown for different relaxation configu-
direction 8. Here,a=x,y,z andi=1 — N, whereN is the rations. Figures (), 2(a), and 3a) show the ideal fullerene-
total number of atoms. The calculated matrix and propertietike cage for Siy, Skq, and Sjg, respectively. These struc-
are insensitive to the value &f for 0.01<ér< 0.05 A. The tures were obtained from the corresponding carbon fullerene
diagonalization of the dynamical matrix yields the harmonicstructures after rescaling the bond lengths from bulk C-C
mode frequencies of the system, together with their eigent1.54 A) to bulk Si-Si values(2.43, 2.44, and 2.45 A for
vectors, which can be analyzed to gain physical insights int®igy, Sk, and Sjg, respectively; notice that these numbers
the nature of the various modes. are chosen so as to obtain the minimum energy of the ideal

(d) Valence excitondn order to study the stability of the structurg. These structures have an obviously high degree of
clusters under photoexcitations, we “create” a valence excisymmetry while being strongly unstable, since the necessary
ton by promoting an electron from the highest valence-bangp? bonding is not energetically favorable in silicon.
state to the lowest conduction-band statéiighest occupied After dynamically quenchingno annealingthe ideal Si
molecular orbitaHOMO) to lowest unoccupied molecular fullerenes, they relax into a structure as those shown in Figs.
orbital (LUMO) change of occupation numbérdVe then  1(b) and Zb), respectively. Notice that the overall coordina-
allow the structure with this excitation to undergo lattice re-tion of the atoms in the cluster is not changed, but the ge-
laxation, but keeping thelectroniclevel occupation in an ometry is now strongly distorted, with buckled surface hexa-
excited configuration. This approach for the estimation ofgons and pentagons, as one or another of the member of each
excitedstates of the structure is not in violation of the varia-face is pushed either outward or inwards into the shell. One
tional principle used in DFT for thground-stateconfigura-  of the main reasons for the different geometrical structures
tion. Moreover, this approach has been used with excellerttetween Si and C clusters appears to be the different cova-
results in the study of 4 core excitons in diamont:*®sur-  lent radius(that of silicon, 1.11 A, is much larger than in
face bipolarons in GaA¥ and light-induced defects in carbon, 0.77 A and the corresponding tendency of Si to
a-Si 2’ for example. Notice that this approach ignores posform sp® bonds. However, the quenched structures show a

A. Geometrical structures
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FIG. 3. Sjg cluster:(a) Ideal fullerene configuratior(b) Equi- 0 2 4 6 8
librium network structure after repeated annealing and quenching I’(A)

processes(c) and (d) are electronic energy levels near the Fermi
level for different geometries of gj, corresponding t¢a) and(b),

respectively. FIG. 4. Radial distribution functior(a) Sig, (b) Si;¢. Solid line

is for fullerenelike metastable structure; dotted line is for network
equilibrium structure; dashed line is for fullerenelike structure with
high degree of stability, resisting further distortion after an-exciton. Inseti(c) Si,, for network equilibrium structure.
nealing at moderate temperatures few hundred degrees
Kelvin). Notice further that the quenchedg@itructure in  relaxation results of g and Sjy. This difference would
Fig. 1(b) has only 0.23 eV/atom higher energy than the fully result from the fact that the diameter of the shells ipy &
annealed(equilibrium) structure in Fig. {c). The corre- not large enough to avoid bonding to the neighbor between
sponding value for S is 0.24 eV/atom. sides, while the diameters inggiand Sj, appear to be. Full

In contrast with the robust stability of the quenched clus-annealing of the elongated structure has a similar minimum
ters above, the §j cluster doesnot have a fullerenelike energy to the one obtained from the fullerene structiig.
metastable structure with threefold coordination, even 3(b)]. However, the structure shows higher average coordi-
though the structure is relaxed from the ideal symmetricahation and a slightly more prolate shape than the latter case.
structure. The initial structure of giconsists of just 12 pen- Figures 1c) and 2c) show the equilibrium network struc-
tagons, as shown by Fig(a. This difference would point to tures obtained after annealing and quenching are performed
the additional stability of the geometry in the fullerene struc-in the ideal fullerenes. All the structures obtained in repeated
ture. Perhaps it would be interesting to see whethentb®-  annealing and quenching runs have similar coordination and
stable structures have a preference for different geometriegeometrical arrangements as those shown in Figs. dnd
(fullerene or nox, as we find below that the equilibrium 2(c) (the cluster shown is the one found with the lowest
(ground-state configurations are all of the network type, as energy. Similarly to the structures reported by fRbs-
shown in Figs. c), 2(c), and 3b). If this were the case, one berger, Andreoni, and Parrinello forStclusterst® the equi-
would in principle expect to have a somewhat larger abunlibrium structures we find are not hollow shells, containing a
dance of the fullerene clusters if the creation process wersmall inner core cluster with a high degree of coordination.
carried out at relatively low energy and/or temperature and’ he higher coordination appears to also stabilize here the
no annealing of all the structures occurred immediately afteflangling bonds introduced by the surface curvature. By mea-
production. suring the diameter of the network structures in Figs),1

Moreover, we explore a 20-atofiC;,) elongated struc- 2(c), and 3b), we obtain that the network structures inSi
ture proposed in Ref. 22 in order to compare to the ideabnd Sj, are slightly more oblate in shape thamSiwith
fullerene cage (dodecahedron structure. The elongated minor to major axis ratios of 1.23, 1.33, and 1.47, respec-
structure is found to have 0.3 eV/atom lower energy than théively). This behavior for the neutral clusters is in general
latter case, in agreement with Grossman and Mftadow-  agreement with experiments suggesting a structural transi-
ever, the quenched structure obtained from the elongateibn in charged Si* clusters>
structure shows a compact network type, very close to the Additional structural information can be obtained by cal-
annealing result of the ideal fullerene geometry, except forculating the radial distribution function of each structure, as
having 0.16 eV/atom higher energy than the fully annealedhown in Fig. 4. Figure @) shows the results for the gi
structure. These comparisons lead to the conclusion that botiuster, and &) for Si;,. The solid lines show results for the
shell geometries of & allow for high coordinations after metastable structures in Figgbland Zb), respectively. No-
relaxation(even if only quenching is performgdnlike the tice the sharp nearest-neighbor peak&.32 A, followed by
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TABLE I. Total structural energiegelative values with respect to lowest-energy structure in parentheses
and energy gap between LUMO and HOME, (eV), for Sk, Sig, and Sy clusters.

Size Geometry Stability Energy/atofaV) Ey (eV)
20 Ideal fullerenelike Unrelaxed —106.70(+ 0.46) 0.07
Network Annealing-quenching —107.16(0.0) 1.20
60 Ideal fullerenelike Unrelaxed —107.00¢+0.31) 0.98
Fullerenelike Metastable —107.08(+0.23) 0.94
(just quenchinyg
Network Equilibrium —107.31(0.0) 0.74
(annealing-quenching
Metastable-exciton Metastable —107.20(+0.11) 0.06
70 Ideal fullerenelike Unrelaxed —107.00( 0.33) 0.97
Fullerenelike Metastable —107.09(+ 0.24) 0.56
(just quenching
Network Equilibrium —107.33(0.0) 0.73
(annealing-quenching
Metastable-exciton Metastable —107.08(+ 0.25) 0.29

a relatively broad distribution of next-nearest-neighbor boncand Sj, clusters. Also shown are the HOMO-LUMO gaps
lengths between 3 and 4.2 A, for both the 60 and 70 C|L|Ste|'$see beloy. We have also calculated the binding energy per
After full equilibration and/or relaxation, corresponding to atoms for the ideal structure in,Si The results show good
the structures in Fig.(t) and Zc), the pair distribution func-  agreement with Kaxiras and Jacksdnrhe binding energy
tion is shown by the dotted lines in Figsia#and 4b). The  per atom for the ideal structures ingSand Si, also follows

most noticeable effect of the relaxation is to broaden thehe general behavior for spherical clusters discussed in Ref.
nearest-neighbor bond lengths rather dramatically, in addij7.

tion to a small lengthening of the bond® ~2.40 A), as
shown by the shifted main peak. The equilibrated structure is
clearly less symmetric, as the overall background of possible B. Electronic spectra
bond lengths increases, yielding a nearly unifog(m) for
largerr values, as one would expect in a fully homogeneousan
configuration. Figure @) shows the pair distribution func-
tion for Sk, corresponding to the fully relaxed structu;‘? in
Fig. 3(b). The sharp nearest-neighbor peak is~a2.36 ; ; : ; ;
while the bond lengths at the small peak near 2.6 A are duaﬂgwi fgé Séoroalair?oéefte Z??gygglyénzh(%)Fceor?ésiréirg]%ols
to the rearrangement between two atoms with threefolghg fjjerenelike metastable cage, and the fully relaxed net-
bonds, leading to fourfold bonds_ m_the relaxed structure. Ay o structure, respectively. In both the 60 and 70 cluster
S'.’“a!'ef .bUt sharp feature rme& A |r_1d|cates_a hqmogeneous cases, the full relaxation is particularly accompanied by a
distribution of second nearest neighbors in this small Strucbreaking of degeneracies in the various levels near the Fermi
ture. _ _ _ energy. However, in the case ofsGithe gap between the
Table | summarizes the total energies of thg, SBiso, highest filled orbital and the lowest empty oftiee “HOMO-
LUMO gap”) decreases after the full relaxation, while in

The strong reconstructions observed after quenching and
nealing are of course accompanied by a change in the
overall electronic energy spectra of the clusters. The result-
ing energy levels near the Fermi energy are shown in Figs. 5

1.0f —_— = —] Size it increases. In the 60 cluster, this gaenoted byE, in
—_ —_— - Table ) changes from 0.94 eV in the metastable structure to
E 05F . — — .
[ 0.0 j—— _ o
a0 [— teof  —/74m —— _
E_o 5 — I p— /:; P
. r_ﬁ Sf— — — — o Y — — — —/—
—-1.0L—— S
>, 0.0 N
(@) (b) (c) (d) o —
Gg)—o.s F— — = —
FIG. 5. Electronic energy levels near the Fermi level for differ- B — -

ent geometries of §j. (8) Fullerenelike metastable cage structure; }
(b) network (lowest-energy structure;(c) fullerenelike cage struc- (a (b) (C) (d)
ture after exciton inducedwith lattice relaxatioyy and (d) system

with exciton is again lattice relaxed after exciton removal. FIG. 6. Same as Fig. 5 but for i

g
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0.74 eV in the fU”y relaxed network C|US'[EI.'. In contra_st, theresult is that the %@) metastable cage structure is 3tr0ng|y
gap changes from 0.56 to 0.73 eV for the,Sluster.(Notice  affected by this excitonic perturbation, producing a distortion
that although our calculations are likely to overestimate thehat approaches the network equilibrium structure in Fig.
HOMO-LUMO gap because of the finite-size basis used, thec). The corresponding electronic spectra is given in Fig.
comparison between structures is real, reflecting the differeni(¢) Notice that the excitonic perturbation causes a further
dynamics and structural rearrangements for each structuregyiting of the degeneracy for the top filled levels, and forces

Because of the high symmetry of the ideal fullerene cagey,q orpitals to lie extremely close and on both sides of the
some of which remains in the buckled metastable structurege m; |evel. The combination of lattice relaxation and elec-

of Figs. Ib) and 2b), the corresponding electronic structure yqnic |evel rearrangement in this calevers the total en-
exhibits degeneracy or near degeneracy of a number of OGrgy (see below

cupied orbitals. This degeneracy is, however, split by the "G, the other hand, the excitonic perturbation does not
distortions of the cluster under quenching, by a mechanisma appreciably the structure of the,Siluster, as a com-
akin to the Jahn-Teller effect in various solids, as discusse

| : arison between Figs.(2 and 2d) shows.(In fact, only a
recently by Khan and Broughtd. This sort of physical g change in bond lengths is appreciable there, on the

mechanism and behavior is seen especially in tRgQs- gt side of the cluster.Correspondingly, the change in the
ters, as the fullerenelike cage structure shows a pair of Mulgye| structurgshown in Fig. €c)] is not as dramatic either.
tiplets near the Fermi energy in Fig(d (near —0.5 V).  Ajthough there is an overall spread of the levels near the
However, in the case of the icluster, the levels near the ey jevel, the corresponding total energy is basically the
Fermi energy are only nearly degenerate, and the gap befotg, e in this case, as the electronic rearrangement nearly
and after the distortion is not affected as much. We can aISEOmpensates the small structural one.

associate the response to the exciton perturbadtussed 14 fyrther analyze the structural changes induced by the
in the section beloyvas related to this level quasidegeneracygycitonic perturbation, we also present in Fig. 4 the corre-

near t_he Fermi level. i sponding pair correlation function for the excited structure
Incidentally, one should notice that the HOMO-LUMO (o5 gashed lines in both panel#lotice that in Sio [Fig.

gap, as well as the degeneracy of the various levels angp)]the dashed line is almost identical to the solid line from

Fermi energy of theideal fullerene structures depend (e metastable structure. Indeed, the exciton produces no ap-
strongly on the bond length. For a larger scaling factor, eciaple change in the structure. Fog,Sihowever, the
(larger bond length the structures obtained are “metallic”

dashed line is somewhat in between the metastable and the
(degenerate or near-degenerate HOM%"’IQd LUMG men- ¢,y relaxed structure, as an indication of the strong restruc-
tioned by Khanet al. and Menonet al.~** On the other

: ; § o turing taking place, which includes overall increased coordi-
hand, Sj, becomes “semiconductor” in our ca$8i-Si bond

i o nation and the creation of a core of atoms inside the cage.
of 2.43 A). Our choice, moreover, minimizes the total energy o, energetic grounds the picture is also most interesting.
of the ideal geometry.

) . For the Sjq cluster, the state with the exciton configuration
On the other hand, the energy levels fos,Sire shown in

. ) - ' has a higher energyalthough only by 0.01 eV/atom, as
Figs. 3c) and 3d), corresponding to the ideal fullerenelike gpq\yn in Table ) than the metastable configuration. This is
3(a) and fully relaxed network structuregt$, respectively.

; ) o ; e more like the result one would expect for a static cluster,
The ideal fullerenelike structure is “metallidfor Si-Si bond  \yhere only the occupation numbers are allowed to change.
2.45 A) unlike the cases of §jand S, representing “semi-

) _ On the other hand, for the gicluster, the excitonic pertur-
conductor” behavior. The gap energy for the fully relaxed ation induces a wholesale deformation, which is accompa-
structure is open to 1.20 eV, however. The different behaviogiaq and/or driven by dower final total energy(by 0.12

between the small and in;ermediate silicon plusters Wou'%V/atom, see Tablg than the corresponding metastable con-
also suggest that the stability of the geometry in the fu”ere”‘ﬁguration.
and network structures |s_related to t_he_ elect_romc Ieyel de-" This lowering of the energy and symmetry forStlus-
generacy near the Fermi level, as it is split only in thegrs can then be seen as a self-trapping of the excitonic ex-
intermediate-size structures. citation (or an “internal conversion” process in
photochemistry?® which would be seen in experiments as a
particularly large absorption feature at the corresponding
As described before, we also explore the possibility ofphoton energy, and a substantial increase in the lifetime of
light-induced transformations in these small silicon clustersthe associated luminescentas the exciton would be ex-
Since the metastable configurations of the fullerenelike cluspected to be longer lived under these circumstances
ters are not the lowest-energy states, one could consider per- One can further intuitively connect the structural changes
turbing them by either thermal or other means. To explorainder the excitonic perturbation and the states involved in
the influence of light incident on the structure, we allow for the electronic transition. We have calculated the electronic
the relaxation of the metastable configuration after the occueharge density of the orbitals involved, as shown in Fig. 7.
pation numbers of the system are changed so that an excitddhe plotted density is calculated from the eigenvectors of the
electron is promoted to the LUMO. Since this leaves a holeHamiltonian and represents how the electronic charge is lo-
in the HOMO and an electron in the LUMO, it correspondscalized around a few atoms on the cluster. This density al-
physically to the absorption of a photon and the creation ofows one to understand the mechanism driving the recon-
an electron-hole exciton pair. struction of the cluster: Since the photon promotes an
The corresponding resulting structures are shown in Figslectron to the LUMO state, its wave function is changed,
1(d) and 2d) for the 60 and 70 cluster. The most obvious creating a nonuniform force field distribution through the

C. Exciton effects
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g(w) (arb. units)

0 200 400 600 800

w (em™)

FIG. 8. Vibrational density of states forggi Solid, dotted, and
dashed lines are fullerenelike cage structure, network structure, and
fullerenelike structure with exciton, respectively. Insets show
modes at 140, 375, and 527 ¢

FIG. 7. Charge density for the fullerenelike metastable cage On the other hand, for the Gicluster, back relaxation of
structures. $p: (&) HOMO and (b) LUMO. Siz: (c) HOMO and  the self-trapped exciton yields a cluster with energy and
(d) LUMO. Notice Sk, orbitals are much more localized than in pond distribution very close to the fully relaxed cluster in
Sigo. Fig. 1(c). Moreover, the electronic spectrum, as shown in

Fig. 5(d), is somewhat close to that of the network structure
cluster, which makes the otherwigguasi) equilibrium con-  Of Fig. &b). This result can be summarized by saying that
figuration be unstabléif the force field is strong enough the equilibrium of the fullerenelike metastable state of the 60
Correspondingly, Fig. 7 shows the HOMO and LUMO cluster is much more precario(at least to excitonic pertur-
charge densities in a three-dimensional region surroundinations than the 70 cluster. Once the 60 cluster is perturbed
the cluster, which should be somewhat related to the forc y the photon-]nduced reconstruction, the fullerene geometry
fld crata byt exciton. Fgureland y refor 1205 DAEC 1l more Ll e nevond sthere,
the S fullerenelike cage structure HOMO and LUMO, re- P P P

; S . . of the “internal conversion” reaction in photochemistry via a
spectively, while Fig. &) and 1d) fo_r_the_Syo fullerene_llke nonradiative process, while in this case the chemistry of the
cage structure. The charge densities ing Sire localized

) ; cluster remains unchanged except for internal strains and re-
around a few atoms, while thosg ogsare m(_)re.sprgad OVer onstructions.
the whole cluster. The details in charge distribution for the
different orbitals involved might explain why the effects of
an exciton-induced lattice relaxation appear igySand not
in Sizg. The more complex charge redistribution under pho—’m\
ton absorption in the 60 cluster is perhaps more effective in+2
straining many bonds simultaneously, while the more local- &

ized charge in $j does not destabilize the structure. =
In order to test further the stability of the fullerenelike .
cage structure, the system with the exciton perturbdtdter <~
) . . . &

full lattice relaxation, as shown in pan€l in Figs. 1 and 2 o

is then “relaxed” electronically(the electron in the LUMO is ~—
moved back to the HOMPDand then its atoms allowed to —
relax. The behavior of the structure for this “back relax- 3
ation” is very different for the 60 and 70 atom clusters as &n
well. For Sk the structure obtained is basically identical to

the fullerene like metastable cage without the excitbiy. O 200 400 600 800
2(b)]. This is also evident in the resulting electronic level ( —1)
structure, Fig. &), as it is very close to that of the meta- W (cmn

stable arrangement in(®. In other words, the exciton in FIG. 9. Vibrational density of states for-$i Solid, dotted, and
Sizg is likely a short-lived entity that leaves the structure dashed lines are fullerenelike cage structure, network structure, and
basically unchanged. This response points to the stability ofullerenelike cage structure with exciton, respectively. Insets show
this metastable state of the 70-atom cluster. modes at 143, 364, and 529 crh
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TABLE Il. Vibrational modes for S and Sjg.

Size Geometry Frequency Mode description
(em™)
60 fullerenelike 79 Pentagon and hexagon twisting
140 Pentagon and hexagon twisting
273 Pentagon and hexagon twisting
Tetrahedron breathing
375 Two kinds of breathing
468 Tetrahedron breathing
Bond stretching
500 Bond stretching
527 Bond stretching
60 network 186 Twisting
297 Twisting
Bond stretching
462 Bond stretching
70 fullerenelike 143 Tetrahedron stretching
205 Pentagon and hexagon twisting
Bond stretching
364 Tetrahedron breathing
529 Bond stretching
70 network 145 Twisting
361 Twisting
Bond stretching
504 Tetrahedron breathing

Bond stretching

70 fullerenelike with exciton 529 Pentagon-contract

As mentioned before, these strong differences betweeoover the regions from 200 to 450 ¢m, and from 450 to
the different size clusters may give rise to substantially dif-600 cm™? in both the 60- and 70-atom clusters.
ferent exciton lifetimes, which could be explored by time- The identification of the different modes can be made

resolved spectroscopy of such clusters. after analyzing the corresponding eigenvectors. The penta-
gon (and/or hexagontwisting modes in the structure, where
D. Vibrational spectra the atoms consisting of pentagaifexagonsmove in phase,

are dominant in the region corresponding to the first broad-

The vibrational spectra for silicon clusters of up to seven ) . S .
atoms have been measured by surface plasmon-polariton eand. The intermediate region is dominated by tetrahedron-

hanced Raman spectroscopy and compared successfully f5¢athing modegmuch fewer in number in the hollow shell
theoreticalab initio results®® However, to our knowledge, than in the network structurgswhile the higher-frequency

little work has been reported on the vibrational spectra of€gion contains mainly bond-stretching modes. These gen-
intermediate-size and fullerenelike cage structures. eral trends, however, are a little different for the network
Figures 8 and 9 show the vibrational spectra fop @hd  structures. The three distinct regions in the fullerenelike
Si;o, respectively. Solid, dotted, and dashed lines are resulttructures are much less defined in the network structure,
for the fullerenelike cage structure, the network structurepoth in nearly equal number of modes throughout the range,
and the metastable structure with exciton. The spectra ond in a slightly reduced range.
tained from the diagonalization of the dynamical matrix In Table II, the main vibrational modes are summarized
(with 180 and 210 modes in each case, although with fevand described for each structure. For thg, Sillerenelike
w=0 mode$ are shown as a continuum by using ametastable cage structure, the vibrations at 79 and 140
Lorentzian broadening function with a width of 20 cth  cm™! are pentagon and hexagon twisting modes, with char-
(which smooths out the distribution but also produces aracteristic eigenvectors as shown in the left inset of FigoB
spurious nonzero value at=0). The vibrational density of the mode at 140 cm'). Breathing modes appear with the
states then consists of three main broadbands, all below 6a®istings at 273 cm*. As the mode frequency increases, the
cm %, and similar to the case of amorphous silicdhe  twisting modes disappear and the breathing modes become
first broadband extends to 200 ¢y while the other two dominant. In particular, at 375 cit one has a kind of
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breathing mode as shown in the middle inset of Fig. 8, moverate degree of stability, and show a similar coordination to
ing inward and outward from the shell. Moreover, bondthe ideal fullerene structure but made out of silicon. The
stretching and compressing modes exist at about 468 .cm equilibrium network structures are more energetically stable
Finally, for 500 and 527 cmt, the structure is dominated by than the fullerenelike cage structures by typically 0.25
the bond-stretching modes as shown in the right inset of FigeV/atom.
8 (for the mode at 527 cm'). Notice, on the other hand, By studying the relaxation process of these clusters, we
that the network structure of the 60-atom cluster has stronfjnd that it takes placéor is driven by an interesting break-
mixing of twisting and bond-stretching modes, making aing of the symmetry and accompanied by splitting of degen-
unique classification much more difficult. erate or near-degenerate states near the Fermi level. This
For the Sj, fullerenelike cage structure, the general trendsbehavior is reminiscent of the Jahn-Teller distortions in sol-
of the main broadbands are the same as fgg, Sixcept for  ids, where the restructuring energetics is compensated by the
the tetrahedron stretching modes. These latter modes agift in the electronic level structure.
dominant at the vibrational frequency 143 thand shown Very interesting as well, we have studied the effects of an
in the left inset of Fig. 9. The modes illustrate the vectors forexciton-induced lattice relaxation in these systems. The lat-
the pentagon(hexagon twisting, breathing at 364 cnt tice distortion associated with exciton leads to a splitting of
(shown in the middle inset of Fig.)9and bond-stretching the degeneracy, and results in lower energy and lower sym-
modes at 529 cmt (shown in the right inset of Fig.)9  metry. Most interestingly, the & structure is much more
corresponding to each band. On the other hand, the interesitrongly affected by the formation of an excitémy photon
ing pentagon-contract modes for theJullerenelike struc-  absorption than the corresponding 70-atom cluster. The re-

ture with exciton is shown. laxation that ensues after the photon absorption and the over-
all reduction of the energy of the system imply that the ex-
IV. CONCLUSIONS citon is self-trapped. This in turn would produce a longer

lifetime of the exciton, which could be possibly monitored in

We have studied the geometrical structures and the elegime-resolved photoluminescence measurements. We hope
tronic and vibrational spectra of fullerenelike cage and netthis work would motivate such experiments.
work structures in intermediate-size silicon clusters with 20,
60, and 70 atoms. A first-principles quantum molecular-
dynamics method developed by Sankey and co-workers is
used. As expected for larger clusters, we find that the lowest- We would like to thank D.R. Alfonso, R.L. Cappelletti,
energy configuration is typically a network structure with aM. Cobb, and M. Menon for helpful discussions and com-
high degree of coordination for atoms in the inner core of thements. This work was partially supported by the U.S. Depart-
cluster, saturating dangling bonds introduced by the finitenent of Energy through Grant No. DE-FG02-91ER45334
size of the structure. However, we also find fullerenelikeand NSF Grant No. DMR-93-22412, as well as by the A. von
cage structures in §jand Sj, are metastable, with a mod- Humboldt Foundatior{S.E.U).
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