PHYSICAL REVIEW A, VOLUME 64, 023202

The real structure of the Si cluster
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Contrary to well-established recent theoretical results based on second-order Moller-Plesset perturbation
theory, it is illustrated here that the distorted octahedro® gf symmetry cannot be the ground state of the
“magic” Sig cluster, but a transition state, connecting two almost isoenergetic structures of lower symmetry,
which can coexist. This conclusion, the consequences of which could be far reaching for other magic clusters,
is based on higher-order perturbation theory, accurate coupled-cluster (CC8&culations and density-
functional theory at the hybrid B3LYP level. The discrepancy is due to the poor convergence of the perturba-
tion expansion, related to the flatness of the energy hypersurface near the minimum. As a result, the structural
and electronic properties of gxre still not well understood, although several suggestions are put forward here.
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I. INTRODUCTION On the experimental side, the measured Raman spectrum
[5] seems to provide indirect support to the MP2 predictions.
Small and medium-size silicon clusters containing up tolThe MP2 calculated spectrum for tiiky, structure, after a
100 atoms have been studied extensively both experimer2% scaling, is in quite good agreement with experiment. In
tally and theoretically due to their scientific and technologi-SPite of this, the present results, which are based on higher-

cal importance[1—8]. However, several questions still re- order perturbation theory as well as density-functional theory
, ESFT) in hybrid schemes such as the well-known B3LYP

main open, especially about bonding and structura : I
properties, for which comparison between experimental ang? 10 do not agree with the MP2 predictions. The present

theoretical results is only indirect even for moderate-sizd©SUlts, which show that all three structures in Fig. 1 are
clusters. On the other hand, small clusters such gsf&i essentially isoenergetic, are further supported by higher-level

which a wealth of experimental and theoretical results exisEOUPIed-cluster calculations with all single and double sub-
[4,5], are considered as fully and well understood. stlltutlons.an_d a quasiperturbative estimate of the effect of
Sis is one of several very important “magic” clusters, the UiPIe excitations, CCSON). o _
characteristics of which have been used extensively to model 'N€ resulting discrepancy is rather surprising sincg Si
and parametrize much larger systems through empirical aan“k,e the majority of other small and.med|um—5|ze clusters,
semiempirical calculations. The currently accepted ground® Widely considered as a well-established system, almost a
state of Sj is a distorted octahedron shown in Figay  textbook case, both theoretically and experimentally. How-
predicted by geometry optimization using second-ordefVel: & deeper understanding _qf this ra_ther negative finding
Moller-Plesset perturbation theorvP2) calculations[5]. could turn out to be a very pp?|t|ve starting point for a better
However, earlier calculation§4], based on Hartree-Fock COmPrehension of the “magic” property.
(HF) gradients, had led to an edge-capped trigonal bipyramid
of C,, symmetry as the ground state, shown in Fi¢c)1
Above this state there is a very close-lying bicapped tetrahe- The bulk of the present calculations was carried out using
dron, which can also be viewed as a face-capped trigonahe GAUSSIAN 94 program packagglL1]. Various initial struc-
bipyramid of nealC,, symmetry. This last structure, initially tures were chosen for full geometry optimization under a
of C,, symmetry, was unstable to distortions and was finallygiven symmetry, starting with octahedral symmetry. Follow-
stabilized by further geometry optimization into t8g sym-  ing the optimization undef,, symmetry, the optimization
metric structure of Fig. (b). Both of these structurd$igs.  was further continued under subgroups@f such asD ,,,
1(a) and Xb)] on MP2 optimization collapse to the same D54, Dy, C,,, andCg. The real local minima among the
distorted octahedron structure bf,, symmetry[Fig. 1(a)]. resulting stationary points were identifi¢d) by continuing

II. SOME TECHNICAL DETAILS

FIG. 1. The three structures
competing for the ground state of
the S cluster.

@ (b) ©
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TABLE |. Comparative energies of the low-lying3tructures The disagreement of the MP2 with the CGSD and
relative to theCg isomer. The quoted values of energy correspond toDFT/B3LYP results that is revealed in Table | implies that
B3LYP geometry and to the 6-3¥Gasis set. For thB 4, structure  MP2 and, more generally, the perturbational approach could
the energies at the MP2 geometry are given in parentheses. Thge questionable for this system. This is confirmed by Table

absolute value of the B3LYP energy for th&s structure is |I, which shows in addition the energies of the three compet-
—1736.896 119 72 atomic units. The MP2 and CCBDenergy  ing structures at the level of HF and thi(f#P3) and fourth-
values of theCq structure are listed in Table 1l below. (MP4SDTQ order Moller-Plesset perturbation theory, to-
gether with coupled-cluster CCSD and CG$Presults. The
AE (kcal/molg MPFSDTQ results include single$), doubles(D), triples

Symmetry of the (T), and quadruple$Q) contributions. The same results ob-

structure MP2 ccsom B3LYP  tained with the larger D95 basis set are given in Table II]

Dag +35.3 +31.6 for comparison. .

D triplet +30.0 1285 +23.0 In bqth of these tables we can see that the energy differ-

D, triplet 120.9 1193 1155 ences involved are extremely small. The energy differences

b S10(-15  +12(+10 410 between all three isomers are of the order of 0.1 kcal/mole
4h ' ' ' ' ’ (the difference betwee@,, andCq is smaller than 0.1 kcal/

Ca +1.0 +0.4 +0.0 mole, and betwee&g and Dy, 1 kcal/mole at the 6-31G

Cs 0.0 0.0 0.0

level and about 0.1 kcal/mole at the D9&vel). In spite of
these extremely small differences, we can see in Table Il that
the Dy, structure is the lowest in energy only at the MP2
level. At the HF, MP3, MP4SDTQ, CCSD, and CCQD
levels of theory it is higher than the other two. Table Il

the optimization without any symmetry restrictiof@; sym-
metry), and(b) by vibrational analysis, checking for possible

imaginary yalues. . . illustrates that this picture is preserved with the larger D95
In addition to the 6-31G atomic basis set, the larger pagqis set, with even smaller differences between the three
D95" basis set was used. For the DFT/B3LYP calculationsgctures, which eventually must be isoenergetic. It is clear
the even larger cc-pVDZ correlation-consistent basis set Waghat the oscillations of the relative energies at different levels
also employed. The results obtained with these larger basist correlation and orders of perturbation theory are compara-
sets fully confirm those obtained with the 6-31@asis set. tively small, but nevertheless very significant. Such oscilla-
For space economy and consistency with the calculations afons were observed earlier in the §tluster{6,7], where the
Ref. [5], the discussion will be focused here on the resultsmagnitude of the relative energy oscillations was signifi-
obtained with the 6-31G basis set. Some key results ob- cantly larger. For Sj the HF geometry was used for the
tained with the D95 basis se{11], however, will also be evaluation of the higher-order terms, whereas in the present

presented for comparisdim Table Il below. calculation the MP2 and B3LYP optimized geometries are
used. This could be the reason for the smaller magnitude of
IIl. RESULTS AND DISCUSSION the oscillations.

Since vibrational frequencies are very sensitive to even

As we can see in Table |, the three structures in Fig®, 1 small energy differences, we have also performed vibrational
1(b), and Xc), which are topologically different withD 4, , analysis, with some results shown in Table IV, for all three
Cs, andC,, symmetries, respectively, lie very close in en- structures at MP2, MP3, MP4, and B3LYP levels. This, in
ergy, competing for the ground state at various levels ofddition, tests whether or not these structures are true local
theory. It is clear from Table | that the remaining isomersminima of the energy hypersurface, by checking for possible
(such as thé ;4 symmetric hexagonal chair, in both singlet imaginary frequencies.
and triplet electronic configurations, and the triplet configu- TheC,, structure of Fig. b), which is completely analo-
ration of theD,y, structur@ need not be considered further gous to the edge-capped trigonal bipyramid of Raghava-
here since they are much higher in energy. chari’s earlier work[4], is a true local minimum at the

TABLE Il. Absolute energies in atomic unit§-31G" basis set The energies in the first three columns
correspond to the B3LYP optimized geometry, while the fourth column gives the energiedhbfitkeucture
at the MP2 optimized geometry.

Structure

Method Cs Co, Dun D4, /MP2

HF —1733.360 551 —1733.360679 —1733.354 206 —1733.354 710
MP2 —1733.931 275 —1733.929716 —1733.932 939 —1733.933733
MP3 —1733.917 838 —1733.917 543 —1733.916 229 —1733.916 229
MP4SDTQ —1734.001 835 —1734.000 550 —1734.001572 —1734.001579
CCSD —1733.932 769 —1733.932 240 —1733.931 700 —1733.930 998
CCsOT) —1733.982118 —1733.981 508 —1733.980 1816 —1733.980 490
State A A, A AL
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TABLE Ill. Absolute energies in atomic units using the D95 (even at the MP2 level this mode is very softhis indicates
basis set. The energies of tlig andC,, structures, as in Table Il, that a lower-symmetry structure might be more stable. Dis-
correspond to the B3LYP optimized geometry. The energies of theorting the D, structure according to one of the displace-

Dy structure are given at the MP2 optimized geometry. ment patterns of this vibrational mode results in transforma-
tion to the edge-capped trigonal bipyramid of Figc)l
Structure under geometry optimization at the MP3 or B3LYP levels.
Method c c b The displacement patterns of the fiEcJ mode are shpwn in
s 2 4h Fig. 2(b). In Figs. 2a) and Zc), respectively, the starting and
= —1733.383962 —1733.384411 —1733.381269 ending geometries of the optimization are also shown. As we
MP2 —1733.989 200 —1733.988409 —1733.990781 cansee in.Fig. 2, this modg pushes atoms 5 and 6 away from
MP3 —1733.972622 —1733.972 747 —1733.971587 ?:to_mll Whg? at t:‘e Stame .t'mtﬁ é':t p“”ts attoms zfag.d 3 L{S""ard
it. The ending structure is o, Structure of Fig.
MPASDTQ  —1734.063381 —1734.062753 —1734.062809 analogous to the edge-capped trigonal bipyramid of Ragha-
CCSD —1733.987462 —1733.987404 —1733.986721 vachari[4], from which it can also be obtained through direct
CCcsOT) —1734.040527 —1734.040374 —1734.040007

L ) 1 MP3 or B3LYP geometry optimization. Similarly, the second
State A A1 A1g degeneratéE,, mode transforms th®,, structure into the
near C,, structure of Fig. tb). Thus, according to MP3,

) MP4, and B3LYP, theD,;, isomer is a transition state, con-
B3LYP (and HB level. At the MP2 level it collapses, under necting the structures in Figs(i and Xc). This state can

geometry optimization, to the distorted octahedron of Figgaq through the displacement patterns of the imaginary fre-
1(a. ) ) guencies to the lower-symmety,, and Cg states. At the
The bicapped tetrahedron of Fighb], known also as the  \jp2 |evel the opposite happens: b&h andC,, structures
face-capped trigonal bipyramid from Raghavachari's earliefransform into theD 4, structure. Apparently the higher-order
work [4], was initially obtained by geometry optimization MP3 and MP4 calculations and the B3LYP results present
underC,, symmetry restrictions. The resultir®gy, structure  the correct picture, which is further supported by CEBD
was not a true local minimum of the energy hypersurface, asnergy calculations.
was revealed by the existence of one imaginary frequency of The theoretical interpretation in Reff5] was based on
b, symmetry. Reoptimization of this structuf@ the BSLYP  MP2 calculations, which as we see in Table IV are identical
level) after distortion according to thle, displacements led with our MP2 results after scaling by 5%. The scaled MP2
to the Cs symmetric structure of Fig. (). This structure, results of Table IV show an overall good agreement with the
which has neatC,, symmetry, at the MP2 level also trans- measured Raman frequencies. This has been consiffefed
forms into theD g, structure, similarly to the structure of Fig. as indirect support of the MP2 results. The MP3, MP4, and
1(b). B3LYP results(without any arbitrary scalingfor the Dy,
Finally, the Jahn-Teller distorted octahedronDofi, sym-  structure agree quite well with the experimental measure-
metry, which is the established ground state according teents and the MP2 results for the Raman-active modes. For
Honeaet al.[5], is indeed a local minimum at the MP2 level. the odd-parity mode€E, , B,,, andA,,) however, there are
However, at both MP3 and MP4 as well as the B3LYP levelssubstantial differences between the MP2 results on one hand
it has two degeneraté, modes with imaginary frequencies and the MP3, MP4, and B3LYP predictions on the other

TABLE V. Vibrational properties of the gD 4, isomer at various levels of theoretical treatment. Some “corresponding” frequencies are
also given for theC,, andCy structures. Frequencies are given in¢émThe symboli indicates imaginary frequencies.

Dan
CZu Cs
MP2 MP2 MP3 MP4SDQ B3LYP B3LYP B3LYP
Experimental scaled by no no no no no no
frequencies Symmetry 5% scaling scaling scaling scaling scaling scaling
Ref. [5] assignment Ref.[5] (this work)  (this work)  (this work)  (this work) (this work) (this work)
E, 52 81 75i 79
B,y 197 117 149 117
252 Bog 209 220 252 225 234 276 276
300 Aqg 298 314 331 319 312 295 295
Asy 358 344 347 315
386 Big 376 396 418 404 386 361 360
404 Eg 425 447 424 421 395 395 370
436 [ 439
458 Aqg 457 481 480 476 442 [ 448
460
451
E, 482 483 480 443
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FIG. 2. Transformation of the

D,, distorted tetrahedron: the
structure(a), according to the dis-
248 242 placements patterns of the filsf,
243 2.34

mode (b), into the edge-capped
N trigonal bipyramid(c). The bond
\Zﬁ—ﬁz’/l lengths in(a) and (c) are in ang-
stroms and correspond to the
B3LYP optimized geometry. The
MP2 bond lengths are given in pa-
rentheses. The displacement vec-
tors in (b) are given in the plane
defined by the atoms 1, 4, 5, and 6
(top), and in the plane of the at-
oms 1, 2, 4, and %bottom.

(<)

hand, which could be checked by infrared spectroscopy. Ththe poor convergence of the perturbation expansion with the
most striking difference has to do with the MP2 s&f,  occurrence of long bonds ingiand other Si clusters. In this
mode at 52 cm?, which at the MP3 and B3LYP levels turns case, the validity of the MPgand generally of the perturba-
unstable with an imaginary frequency, thus revealing that théion) description could be questionable due to orbitals with
D4y, structure is not a true local minimum of the energy small overlaps for which interpair correlation effects are ex-
hypersurface but a transition state. pected to be critical. Therefore relative energies for struc-
On the other hand, th€,, andC, structures at the MP3, tures with and without long bonds are not expected to be
MP4, and B3LYP levels have real frequencies. The last twalescribed by MP2 as accurately as by CCBDor other
columns of Table IV show some selective frequency resultsorrelation methods which include, explicitly or implicitly
for these structures, for modes compatible vidth, Raman-  (B3LYP), interpair correlation. Obviously the same is true
active modes and with large intensities. As we can see, theder the relative energies of structures wigubstantially dif-
frequencies are comparable in magnitude to the experimentégérent numbers of long bonds. As we can see in Fig. 2, the
results and to the values predicted by MP3, MP4, B3LYPD,, structure has five such long bonds, while thgisomer
(and MP2 calculations for the correspondiidy;, structure. has three and th€,, structure, which is more compact, has
However, both of these structures have a larger number afnly one long bondthe Sj-Si; bond.
active modeqwith much smaller intensitiesghan the ones The occurrence of long bondsnd its possible conse-
shown in Table IV. Therefore, if we assume that the experi-quencegis not the only similarity between §and Sj,. The
ment can detect all Raman-active modes independent of th8i,, cluster is also magic and furthermore here too more than
magnitude of their intensity, we cannot conclude that theone isomer, nearly isoenergetic, is competing for the ground
experimental measurements supp®st andCg equally well  state[7,8]. This could be highly suggestive of a possible
as the ground-state structure. However, this assumptioconnection of the magic property with the occurrence of sev-
about the experimental capabilities is not always valid. Veryeral isoenergetic isomers competing for the ground state, as a
weak vibrations cannot really be resolved or even detected iresult of the flatness of the energy hypersurface near the
many cases. Independent of this, an alternative reasonalheinimum. In this respect the stability of the magic clusters
suggestion, which is put forward here, based on the marginatould be a dynamic rather than a static property, indirectly
energy difference between these structures, is that all threelated to the Jahn-Teller effect, which is largely responsible
isomers coexist and that the experimental values reflect timir the almost isoenergetic distortions of the higher-
averages over the three structures. symmetry structures. However, before additional and unam-
This picture is consistent with the poor performance ofbiguous supporting evidence becomes available from other
perturbation theory, as was established in Tables Il and llimagic clusters, this is only a conjecture, which can serve as a
On the other hand, Patterson and Messf6éef] have linked  working hypothesis for future work.
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