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Dissociation Energies of Silicon Clusters: A Depth Gauge for the Global Minimum
on the Potential Energy Surface
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We have modeled the dissociation of, 8eutrals and cations in the= 26 range. The fragmentation
pathways up torn = 26 and dissociation energies up t= 20 have been calculated assuming
a statistical decomposition process. The results for the cations are in good agreement with the
measurements. This indicates that our search of configuration space for the silicon clusters in this
size range has indeed found the global minima—a family of “stackedri®apped trigonal prisms.”
This is the first time that dissociation energies have been used to test the results of a global optimization.
[S0031-9007(98)07726-6]

PACS numbers: 36.40.Qv, 36.40.Wa

Despite a tremendous effort invested for more tharthe true global minima have not been found. To the best
a decade, the structural characterization of atomic clusef our knowledge, this tool has never been used to test
ters remains a remarkably refractory problem in molecuthe results of a global optimization. As there has been
lar physics [1]. Except for the small clusters whereenormous interest in the structures of silicon clusters since
the structures are accessible spectroscopically, advancesggestions that the small ones are not fragments of the
have typically been made by comparison of a geometrybulk silicon tetrahedral lattice [6,7], we chose to use them
sensitive physical property measured for size-selectefbr a demonstration of the proposed treatment.
species with the predictions of reasonably high-level cal- The geometries calculated for the smallést= 7)
culations for a number of plausible morphologies. To re-Si, species have now been confirmed by matrix isola-
duce the number of geometries to a manageable quantittion spectroscopy [8,9] and photoelectron spectroscopy
it has normally been postulated that free clusters assunj&0,11]. A detailed understanding of the structure in
their lowest energy geometries. Then the likely candithe n = 8—11 size range has been derived from exten-
dates can be found rationally, by searching the configurasive global optimizations [7,12,13], but the results have
tion space. The cluster properties that have been usetwbt previously been verified experimentally. The eluci-
as structural indicators are ionic mobilities [2,3], ion- dation of the geometries for larger silicon clusters has
ization potentials [4], polarizabilities [1], and electron presented an impressive challenge. Numerous experimen-
affinities [1]. All these are correlated with the clus- tal and theoretical efforts to this end have been reviewed
ter geometry only indirectly, so the different isomerselsewhere [4]. We have recently completed an unbiased
are often indistinguishable [3,4]. Further, there is al-global search of the configuration space for silicon clus-
ways a possibility that the true lowest energy geometryter neutrals in the < 21 range using a genetic algorithm
might be (i) missed by the search procedure or (ii) notand density functional theory in both the local density ap-
produced experimentally for either entropic or kinetic proximation (LDA) and a generalized gradient approxi-
reasons. Thus agreement with the measurements of propration [3,4]. The global minima for Sications in the
erties like those listed above is a necessary but nadame size range have also been found [4]. The resulting
sufficient criterion for accepting the optimized clusterstructures for both neutrals and cations with< 19 can
structures. So, in the absence of an unequivocal strude viewed as stacks of Sricapped trigonal prisms (TTP)
tural determination such as that accomplished by spedi4]. Forrn = 19 and 20, near-spherical cagelike geome-
troscopy, it is desirable to compare the cohesive energidsies become competitive. lonic mobilities calculated for
calculated for trial geometries with the experimental val-the stacked TTP structures are in good agreement with the
ues. These can be determined by measuring the disswalues for §j cations in helium [3,4].
ciation energies of size-selected cluster ions [5]. When The fragmentation patterns of both,Stations [5,
cluster formation is subject to thermodynamic control, thel5—-20] and anions [21] are unusual. First, all species
lowest energy isomers dominate and the experimental cavith 8 < n = 70 (at least) undergo fission rather than
hesive energies should correspond to those calculated fevaporation. That is, both primary dissociation products
the global minima. If higher energy geometries prevail,contain a relatively large number of atoms, one of them
the experimental cohesive energies should be short of th|ways in the 6—11 size range. Second, the preferred
calculation. Conversely, a failure of theory to recover thefragments are specific to the size and even the charge
measured depth of the potential well may indicate thastate (-1 or +1) of the original ion. The measured

4616 0031-900798/81(21)/4616(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 21 PHYSICAL REVIEW LETTERS 23 November 1998

size dependence of the dissociation energies fQr Si TABLE I. Fragmentation channels of silicon cluster neutrals
[5] is also abnormal [22]. Instead of increasing steadilyand cations.
towards the bulk cohesive energy, the dissociation energy

; Products Products for catiohs
loses~60% of its value betweem = 6 andn ~ 20 and n for primary secondary
only then starts to increase again for larger sizes. The defreactant) neutrafs calc® expt caldé®  expt
cay channels for $i", n = 11 have been qualitatively ra- 3 2 2 2 1 1
tionalized [23] by postulating a statistical unimolecular 4 3 3 3 1 1,2
dissociation. In such a process, the lowest energy frag- 5 4 4 4 1 3
mentation pathway is preferred regardless of the structure 6 5 5 5 1,4 4
of reactant. However, Raghavachari and Rohlfing [23] 7 6 6 6 1 4,5
modeled the decomposition of neutrals rather than cations 8 7 7 7 1,4,6 4
and assumed octahedron-based geometries fo((S) 9 5,7 4,6,8 6 8
and Sjy (T;). These geometries are now known not to ﬂ 667 g 673 j g
be the lowest energy isomers for either charge state [3,4, 12 6 7 6 6 711 7
24-26]. Conversely, other authors have ventured that the 3 7 6 6 7 7
larger clusters are assemblies of smaller subunits and that 14 7 7 7 ) 8
they break into these subunits along “fault lines” when 15 10 8 8 9,11 9
excited [19,21,27-32]. Then the dissociation pattern 16 10 6 10 9,10,11 6
would directly reveal the structure of the original cluster. 17 10 10,11 10 11
For example, the fragmentation of large, Sipecies by 18 10,11 11 11 8 No
ejection of Sj or Sijy has been argued to support silicon 19 10 9 9 11,12 12
clusters being (i) nanocrystals built from the 8hair and 20 10 10 10 11 No
Sijp adamantane cage blocks of the bulk “diamond” lat- g% E 1,3115 11%2 14 Tg
tice [19], (ii) stacked benzene and naphthalenelike rings 54 13 11,1’3’ 16 13 16
[27—29], or (III) near-spherical ObjeCtS with tetrahe- 24 14 14 14 17 7,11
dral [29] or surface-reconstruction-induced geometries 25 15 15 15 18 18
[31,32]. The dissociation energies of,Scations [5] 26 16,19 16 16 19 19

have never been modeled theoretically. As long as thg

. Several fragmentation channels are given if their energies are
structyr(_as of clu§ters fon > }O remained obscure,_the within 0.12 eV. We report the larger product for neutrals and
peculiarity of their fragmentation could not be explained. the jonic product for cations.

The dissociation energy of a ,Sineutral along the PDiscounting the possibility of channels leading to a product

channel leading to §iand Sj,—,, is with m = 21.
‘In cases with more than one calculated primary pathway no
Dymy = nE, — mE,, — (n — m)E,—,,, (1)  secondary pathway is shown.

%“No” means that the relative abundance of secondary products

whereE, is the cohesive energy per atom of thg 8US- a5 5o minor as to prevent identification 1%).

ter. Using the values of, calculated for our optimized
geometries [4], we can predict the dissociation energy for
any fragmentation pathway of a,Smeutral. The lowest
energy pathways assuming tBg values by the gradient- able for the fragmentation pathways and energies of the
corrected Perdew-Wang-Becke 88 (PWB) functional areations. The dissociation energies of Sinto Si,,* and
listed in Table I. In the size range where comparisonSi,—,, could be similarly evaluated using Eq. (1) with the
could be made, our lowest pathways agree with the eaicohesive energies calculated for the cations. Substituting
lier predictions based oab initio MP4/6-31G* energetics the PWB values [4] fom, m = 20, we have calculated
[23], except that we find an alternative channeldo= 9, the dissociation energies for all channels with<< 21
11, and 12. Since the structures foy, Siith » > 20 have for Si,*, n = 2-26. The lowest energy fragmentation
not been optimized [3], th®, ) for m = 21 could not pathways remain the same as those calculated for neu-
be evaluated, and we cannot rigorously prove that thérals, except forn = 9 (which changes fromn =5, 7
dissociation pathways indicated far= 22-26 are ac- intom = 4, 6, and 8) and: = 15 (which changes from
tually lowest in the calculation. The dissociation ener-m = 10 into m = 8); see Table |. Other competitive
gies of small(n = 8) Si, neutrals have been measured bypathways open for $i* (m = 11), S, (m = 15), and
Gingerich and co-workers [33] using Knudsen effusionSi;* (m = 11, 16). These changes are caused by the
mass spectrometry. Our calculated values are in agredew adiabatic ionization potentials (AIPs) of = 4, 6, 8,
ment within their data for all sizes. 11, and 16 compared to their neighbors [4], which renders
As the larger neutral clusters could not be size selectedhese cations relatively more stable than the respective
their dissociation energies and pathways are not directipeutrals, and the relatively high AIP @i = 12. Alter-
measurable. However, experimental information is availnative fragmentation pathways close fof;Si and Sj,*
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(bothm = 7), Siig™ (m = 10), and Sic™ (m = 19), be-  the energies for the potential products is provided hy.Si
cause of the relatively high AlPs of §iSiyy, and Sjs. With the T, tetracapped octahedron [7] assumed fqgp Si

We now compare the fragmentation patterns calcuand Sj," instead of theCs, tetracapped trigonal prism,
lated for cations with the measurements. The productaone of the primary dissociation pathways for= 16,
of collision-induced dissociation [5,20] (CID) and pho- 17, 19, 20, 22—26 could be reproduced.
todissociation [15—-19] in the < 27 size range are quite  Furthermore, for all sizes where more than one dis-
similar overall. Yet, for most clusters, the photodissocia-sociation pathway has been observed in the CID mea-
tion studies report a larger variety of fragments with lowersurements [20], we successfully predict the second most
yield of each, and hence correspond to a higher excitamportant channel too (Table ), except for= 7 and 24.
tion energy [20]. So the CID results are more indicativeAgain, even in these two cases the second most abun-
of the lowest energy fragmentation channels, and thesgant products are in the third place in calculations and are
are used for comparison in Table |, except for= 3-5  higher in energy than those in the second place by only
where no CID measurements were reported. The pri0.3—0.4 eV. The measured fractional yields of secondary
mary pathways agree for all sizes except 11 and 16. products are strongly correlated with the calculated energy
Even for these sizes, the main pathways are ery3 eV  differences between the lowest and second lowest frag-
above the lowest ones in our calculations, while the low-mentation pathways. That is, for seven out of 20 sizes
est ones in our calculations are the second most impoin the range ofi = 6-25, this difference is over 0.3 eV.
tant pathways in the experiments [19,20]. In both casesSix out of these seven clusters dissociate cleanly, with
these pathways are significant, with an intensity that issne dominant channel having the relative intensity of over
20—-30% of the total. In the photodissociation study [16],90% [20]. Of the other 13 sizes, only two dissociate in
them = 6 and 7 channels were nearly equally intense forthis way.
n = 11. Forn = 16, our error is in placing the charge  While the fragmentation patterns are useful in checking
on S rather than on $. Thus the primary dissocia- the relative cohesive energies of selected cluster ions as
tion pathways calculated for alew Si,* geometries described above, a systematic verification of the absolute
found [10] forn = 11-26 are in a perfect agreement with values requires investigating the binding energies. The
the measurements. This is an extremely stringent testalues computed using PWB for the lowest dissociation
becauseboth the cohesive energies of the neutrals andpathways listed in Table | are compared with the mea-
adiabatic ionization potentials must be correctdtirpo-  surements [5] in Fig. 1. (Fot = 19 and 20, the prolate
tential products. It actually verifies that our optimized isomers [4] were assumed.) Fer< 18, our calculation
geometries are, at least, very close in energy to thelearly agrees with the experiment very well, except pos-
true global minima. For instance, the existence of isosibly for a kink atr = 13. The overall trend is repro-
mers lower than those we discovered [4] for any ofduced forn = 19 and 20, but the value calculated for=
the cations withm = 12, 15-18 by just 0.1-0.4 eV 19 is somewhat low. This suggests that our prolatgSi
would have induced $i;" to eliminate Sj rather geometry is not a true global minimum, hardly surpris-
than Sjo. For Sky* or Sh;*, this would have hap- ing since it had been “constructed” rather than obtained
pened if, respectively, §i* or Si* had isomers 0.6—
0.7 eV below our geometries. Likewise, the existence
of a structure for Si* lower than ours by only 0.1 eV
would have caused the dissociation of;s$i Si;, >
and Sj;* to switch into a wrong channel. Note that L
0.1 eV amounts to just-0.25% of the atomization en- 2
ergy for Si;. The agreement with experiment would not 3
have been secured either had the stacked TTP geomerm
tries [3,4] not been found and some other, higher en- &
ergy isomers accepted as the ground states. For example'8
had the search for any of the,Si with m = 12-16
stopped just 0.1-0.4 eV short of our structures, the wrong
primary dissociation pathway would have been predicted
for the Sj,+10" cluster. In particular, this would have
happened for the previously accepteg; Sigeometry, the
C3, capped trigonal antiprism [25,34]. Similarly, the§i 2 4 6 8 10 12 14 16 18 20
cation would rather dissociate into;Sf and Sy were Number of Atoms, n

- A ) .

the global minimum for Si elth.er theC .d|storted .trl— FIG. 1. Dissociation energies of ,Sications. Circles are
capped octahedron [7] or ti®, distorted tricapped trigo- the experimental values [5]. The line shows the energies

nal prism [24] A Striking illustration of the extraordinary calculated emp|0ying the PerdeW_Wang_Becke 88 gradient_
sensitivity of the fragmentation pattern to the accuracy otorrected density functional.

4618



VOLUME 81, NUMBER 21 PHYSICAL REVIEW LETTERS 23 November 1998

by an extensive search [3,4]. The dissociation energied3] C.M. Rohlfing and K. Raghavachari, Chem. Phys. Lett.
determined using LDA exhibit the same size-dependent 167 559 (1990). .
trends, but the absolute values are overestimated, as ei4] M.F. Jarrold, inCluster lonsedited by C.Y. Ng, T. Baer,
pected [4,25]. and |. Powis (Wiley, Chichester, 1993), p. 166. _

In summary, thermodynamic calculations assuming nét®l P-J: Tred"% IP-l'c\jA. %oxﬁhK'CCEeécﬂhrgggg’ 1R9'8% Brick-
barriers along the dissociation asymptotes successfully re- . Man. and A. xaidar, J. Fhys. Lhebr, (1987).

. 16] L. A. Bloomfield, R.R. Freeman, and W. L. Brown, Phys.
produce both primary and secondary pathways for th
. :C , % Rev. Lett.54, 2246 (1985).
fragmentation of silicon clust_er cations containing up to 17] W. Begemann, K. H. Meiwes-Broer, and H. O. Lutz, Phys.
26 atoms. The computed dissociation energies are also * Rey. Lett.56, 2248 (1986).
in excellent agreement with experiment, possibly excepfig] J.R. Heath, Y. Liu, S.C. O'Brien, Q.L. Zhang, R.F. Curl,
for n = 19. Thus mobilities [4], ionization potentials [4], F.K. Tittel, and R.E. Smalley, J. Chem. Phygs, 5520
fragmentation pathways and their energies calculated for  (1985).
our stacked TTP geometries all agree with the measurg19] Q.L. Zhang, Y. Liu, R.F. Curl, F.K. Tittel, and R.E.
ments. That such a wide range of experimental data is  Smalley, J. Chem. Phy88, 1670 (1988).
consistent with these geometries found by an unbiaseld0] ('\ﬁé';é;a”o'd and J.E. Bower, J. Phys. Che9d, 5702
global search [3] is compelling evidence for that the pro- hea .
late Si clusters are indeed the stacks of tricapped trigd2t] Y- Lit: Q.L. Zhang, F.K. Tittel, R.F. Curl, and R.E.
: ) . Smalley, J. Chem. Phy85, 7434 (1986).

nal prisms. We have also shown that the dissociation

il | . istical and ind d ; 22] Technically, the measured values were activation energies
silicon clusters Is statistical and independent of reacta for the dissociation reactions. These are equal to the dis-

structure. For other systems where this is the case, dis-  gqciation energies assuming barrierless potential energy
sociation studies could be employed to directly test the  surfaces along the reaction coordinates in the exit chan-

performance of a global optimization. nels. This is a reasonable assumption for neutral silicon
This research was supported by NSF, the Army Re-  clusters because the reverse association reaction (cluster
search Office, and the Office of Basic Energy Sciences. aggregation) proceeds without a noticeable activation bar-
rier and should be even more appropriate for charged
species.
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