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The real structure of the Si6 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 octahedron ofD4h symmetry cannot be the ground state of the
‘‘magic’’ Si 6 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 CCSD~T! calculations 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 Si6 are still not well understood, although several suggestions are put forward here.
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I. INTRODUCTION

Small and medium-size silicon clusters containing up
100 atoms have been studied extensively both experim
tally and theoretically due to their scientific and technolo
cal importance@1–8#. However, several questions still re
main open, especially about bonding and structu
properties, for which comparison between experimental
theoretical results is only indirect even for moderate-s
clusters. On the other hand, small clusters such as Si6, for
which a wealth of experimental and theoretical results e
@4,5#, are considered as fully and well understood.

Si6 is one of several very important ‘‘magic’’ clusters, th
characteristics of which have been used extensively to m
and parametrize much larger systems through empirical
semiempirical calculations. The currently accepted grou
state of Si6 is a distorted octahedron shown in Fig. 1~a!,
predicted by geometry optimization using second-or
Moller-Plesset perturbation theory~MP2! calculations@5#.
However, earlier calculations@4#, based on Hartree-Foc
~HF! gradients, had led to an edge-capped trigonal bipyra
of C2v symmetry as the ground state, shown in Fig. 1~c!.
Above this state there is a very close-lying bicapped tetra
dron, which can also be viewed as a face-capped trigo
bipyramid of nearC2v symmetry. This last structure, initially
of C2v symmetry, was unstable to distortions and was fina
stabilized by further geometry optimization into theCs sym-
metric structure of Fig. 1~b!. Both of these structures@Figs.
1~a! and 1~b!# on MP2 optimization collapse to the sam
distorted octahedron structure ofD4h symmetry@Fig. 1~a!#.
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On the experimental side, the measured Raman spec
@5# seems to provide indirect support to the MP2 predictio
The MP2 calculated spectrum for theD4h structure, after a
5% scaling, is in quite good agreement with experiment.
spite of this, the present results, which are based on hig
order perturbation theory as well as density-functional the
~DFT! in hybrid schemes such as the well-known B3LY
@9,10#, do not agree with the MP2 predictions. The pres
results, which show that all three structures in Fig. 1
essentially isoenergetic, are further supported by higher-le
coupled-cluster calculations with all single and double s
stitutions and a quasiperturbative estimate of the effec
triple excitations, CCSD~T!.

The resulting discrepancy is rather surprising since S6,
unlike the majority of other small and medium-size cluste
is widely considered as a well-established system, almo
textbook case, both theoretically and experimentally. Ho
ever, a deeper understanding of this rather negative find
could turn out to be a very positive starting point for a bet
comprehension of the ‘‘magic’’ property.

II. SOME TECHNICAL DETAILS

The bulk of the present calculations was carried out us
theGAUSSIAN 94program package@11#. Various initial struc-
tures were chosen for full geometry optimization under
given symmetry, starting with octahedral symmetry. Follo
ing the optimization underOh symmetry, the optimization
was further continued under subgroups ofOh such asD4h ,
D3d , D2h , C2v , andCs . The real local minima among th
resulting stationary points were identified~a! by continuing
s
f

FIG. 1. The three structure
competing for the ground state o
the Si6 cluster.
©2001 The American Physical Society02-1
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the optimization without any symmetry restrictions~C1 sym-
metry!, and~b! by vibrational analysis, checking for possib
imaginary values.

In addition to the 6-31G* atomic basis set, the large
D95* basis set was used. For the DFT/B3LYP calculatio
the even larger cc-pVDZ correlation-consistent basis set
also employed. The results obtained with these larger b
sets fully confirm those obtained with the 6-31G* basis set.
For space economy and consistency with the calculation
Ref. @5#, the discussion will be focused here on the resu
obtained with the 6-31G* basis set. Some key results o
tained with the D95* basis set@11#, however, will also be
presented for comparison~in Table III below!.

III. RESULTS AND DISCUSSION

As we can see in Table I, the three structures in Figs. 1~a!,
1~b!, and 1~c!, which are topologically different withD4h ,
Cs , andC2v symmetries, respectively, lie very close in e
ergy, competing for the ground state at various levels
theory. It is clear from Table I that the remaining isome
~such as theD3d symmetric hexagonal chair, in both singl
and triplet electronic configurations, and the triplet config
ration of theD4h structure! need not be considered furthe
here since they are much higher in energy.

TABLE I. Comparative energies of the low-lying Si6 structures
relative to theCs isomer. The quoted values of energy correspond
B3LYP geometry and to the 6-31G* basis set. For theD4h structure
the energies at the MP2 geometry are given in parentheses.
absolute value of the B3LYP energy for theCs structure is
21736.896 119 72 atomic units. The MP2 and CCSD~T! energy
values of theCs structure are listed in Table II below.

Symmetry of the
structure

DE ~kcal/mole!

MP2 CCSD~T! B3LYP

D3d 135.3 131.6
D3d triplet 130.0 128.5 123.2
D4h triplet 120.9 119.3 115.5
D4h 21.0 ~21.5! 11.2 ~11.0! 11.0
C2v 11.0 10.4 10.0
Cs 0.0 0.0 0.0
02320
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The disagreement of the MP2 with the CCSD~T! and
DFT/B3LYP results that is revealed in Table I implies th
MP2 and, more generally, the perturbational approach co
be questionable for this system. This is confirmed by Ta
II, which shows in addition the energies of the three comp
ing structures at the level of HF and third-~MP3! and fourth-
~MP4SDTQ! order Moller-Plesset perturbation theory, t
gether with coupled-cluster CCSD and CCSD~T! results. The
MPFSDTQ results include singles~S!, doubles~D!, triples
~T!, and quadruples~Q! contributions. The same results ob
tained with the larger D95* basis set are given in Table II
for comparison.

In both of these tables we can see that the energy dif
ences involved are extremely small. The energy differen
between all three isomers are of the order of 0.1 kcal/m
~the difference betweenC2v andCs is smaller than 0.1 kcal/
mole, and betweenCs and D4h 1 kcal/mole at the 6-31G*
level and about 0.1 kcal/mole at the D95* level!. In spite of
these extremely small differences, we can see in Table II
the D4h structure is the lowest in energy only at the MP
level. At the HF, MP3, MP4SDTQ, CCSD, and CCSD~T!
levels of theory it is higher than the other two. Table
illustrates that this picture is preserved with the larger D9*
basis set, with even smaller differences between the th
structures, which eventually must be isoenergetic. It is cl
that the oscillations of the relative energies at different lev
of correlation and orders of perturbation theory are compa
tively small, but nevertheless very significant. Such osci
tions were observed earlier in the Si10 cluster@6,7#, where the
magnitude of the relative energy oscillations was sign
cantly larger. For Si10 the HF geometry was used for th
evaluation of the higher-order terms, whereas in the pres
calculation the MP2 and B3LYP optimized geometries a
used. This could be the reason for the smaller magnitud
the oscillations.

Since vibrational frequencies are very sensitive to ev
small energy differences, we have also performed vibratio
analysis, with some results shown in Table IV, for all thr
structures at MP2, MP3, MP4, and B3LYP levels. This,
addition, tests whether or not these structures are true l
minima of the energy hypersurface, by checking for possi
imaginary frequencies.

TheC2v structure of Fig. 1~b!, which is completely analo-
gous to the edge-capped trigonal bipyramid of Ragha
chari’s earlier work@4#, is a true local minimum at the

o

he
s
TABLE II. Absolute energies in atomic units~6-31G* basis set!. The energies in the first three column
correspond to the B3LYP optimized geometry, while the fourth column gives the energies of theD4h structure
at the MP2 optimized geometry.

Method

Structure

Cs C2v D4h D4h /MP2

HF 21733.360 551 21733.360 679 21733.354 206 21733.354 710
MP2 21733.931 275 21733.929 716 21733.932 939 21733.933 733
MP3 21733.917 838 21733.917 543 21733.916 229 21733.916 229
MP4SDTQ 21734.001 835 21734.000 550 21734.001 572 21734.001 579
CCSD 21733.932 769 21733.932 240 21733.931 700 21733.930 998
CCSD~T! 21733.982 118 21733.981 508 21733.980 1816 21733.980 490
State 1A8 1A1

1A1g
1A1g
2-2
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DETERMINATION OF THE REAL STRUCTURE OF THE . . . PHYSICAL REVIEW A 64 023202
B3LYP ~and HF! level. At the MP2 level it collapses, unde
geometry optimization, to the distorted octahedron of F
1~a!.

The bicapped tetrahedron of Fig. 1~b!, known also as the
face-capped trigonal bipyramid from Raghavachari’s ear
work @4#, was initially obtained by geometry optimizatio
underC2v symmetry restrictions. The resultingC2v structure
was not a true local minimum of the energy hypersurface
was revealed by the existence of one imaginary frequenc
b2 symmetry. Reoptimization of this structure~at the B3LYP
level! after distortion according to theb2 displacements led
to the Cs symmetric structure of Fig. 1~b!. This structure,
which has nearC2v symmetry, at the MP2 level also tran
forms into theD4h structure, similarly to the structure of Fig
1~b!.

Finally, the Jahn-Teller distorted octahedron ofD4h sym-
metry, which is the established ground state according
Honeaet al. @5#, is indeed a local minimum at the MP2 leve
However, at both MP3 and MP4 as well as the B3LYP lev
it has two degenerateEu modes with imaginary frequencie

TABLE III. Absolute energies in atomic units using the D95*
basis set. The energies of theCs andC2v structures, as in Table II
correspond to the B3LYP optimized geometry. The energies of
D4h structure are given at the MP2 optimized geometry.

Method

Structure

Cs C2v D4h

HF 21733.383 962 21733.384 411 21733.381 269
MP2 21733.989 200 21733.988 409 21733.990 781
MP3 21733.972 622 21733.972 747 21733.971 587
MP4SDTQ 21734.063 381 21734.062 753 21734.062 809
CCSD 21733.987 462 21733.987 404 21733.986 721
CCSD~T! 21734.040 527 21734.040 374 21734.040 007
State 1A8 1A1

1A1g
02320
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~even at the MP2 level this mode is very soft!. This indicates
that a lower-symmetry structure might be more stable. D
torting theD4h structure according to one of the displac
ment patterns of this vibrational mode results in transform
tion to the edge-capped trigonal bipyramid of Fig. 1~c!,
under geometry optimization at the MP3 or B3LYP leve
The displacement patterns of the firstEu mode are shown in
Fig. 2~b!. In Figs. 2~a! and 2~c!, respectively, the starting an
ending geometries of the optimization are also shown. As
can see in Fig. 2, this mode pushes atoms 5 and 6 away
atom 1 while at the same time it pulls atoms 2 and 3 tow
it. The ending structure is theC2v structure of Fig. 1~c!
analogous to the edge-capped trigonal bipyramid of Rag
vachari@4#, from which it can also be obtained through dire
MP3 or B3LYP geometry optimization. Similarly, the secon
degenerateEu mode transforms theD4h structure into the
near C2v structure of Fig. 1~b!. Thus, according to MP3
MP4, and B3LYP, theD4h isomer is a transition state, con
necting the structures in Figs. 1~b! and 1~c!. This state can
lead through the displacement patterns of the imaginary
quencies to the lower-symmetryC2v and Cs states. At the
MP2 level the opposite happens: bothCs andC2v structures
transform into theD4h structure. Apparently the higher-orde
MP3 and MP4 calculations and the B3LYP results pres
the correct picture, which is further supported by CCSD~T!
energy calculations.

The theoretical interpretation in Ref.@5# was based on
MP2 calculations, which as we see in Table IV are identi
with our MP2 results after scaling by 5%. The scaled M
results of Table IV show an overall good agreement with
measured Raman frequencies. This has been considere@5#
as indirect support of the MP2 results. The MP3, MP4, a
B3LYP results~without any arbitrary scaling! for the D4h
structure agree quite well with the experimental measu
ments and the MP2 results for the Raman-active modes.
the odd-parity modes~Eu , B2u , andA2u! however, there are
substantial differences between the MP2 results on one h
and the MP3, MP4, and B3LYP predictions on the oth

e

s are
TABLE IV. Vibrational properties of the Si6 D4h isomer at various levels of theoretical treatment. Some ‘‘corresponding’’ frequencie
also given for theC2v andCs structures. Frequencies are given in cm21. The symboli indicates imaginary frequencies.

Experimental
frequencies

Ref. @5#

D4h
C2v
B3LYP
no
scaling
~this work!

Cs

B3LYP
no
scaling
~this work!

Symmetry
assignment

MP2
scaled by
5%
Ref. @5#

MP2
no
scaling
~this work!

MP3
no
scaling
~this work!

MP4SDQ
no
scaling
~this work!

B3LYP
no
scaling
~this work!

Eu 52 81i 75i 79i
B2u 197 117 149 117

252 B2g 209 220 252 225 234 276 276
300 A1g 298 314 331 319 312 295 295

A2u 358 344 347 315
386 B1g 376 396 418 404 386 361 360
404 Eg 425 447 424 421 395 395 370

458 A1g 457 481 480 476 442 H436
460 H 439

448
451

Eu 482 483 480 443
2-3
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FIG. 2. Transformation of the
D4h distorted tetrahedron: the
structure~a!, according to the dis-
placements patterns of the firstEu

mode ~b!, into the edge-capped
trigonal bipyramid~c!. The bond
lengths in~a! and ~c! are in ang-
stroms and correspond to th
B3LYP optimized geometry. The
MP2 bond lengths are given in pa
rentheses. The displacement ve
tors in ~b! are given in the plane
defined by the atoms 1, 4, 5, and
~top!, and in the plane of the at
oms 1, 2, 4, and 5~bottom!.
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hand, which could be checked by infrared spectroscopy.
most striking difference has to do with the MP2 softEu
mode at 52 cm21, which at the MP3 and B3LYP levels turn
unstable with an imaginary frequency, thus revealing that
D4h structure is not a true local minimum of the ener
hypersurface but a transition state.

On the other hand, theC2v andCs structures at the MP3
MP4, and B3LYP levels have real frequencies. The last
columns of Table IV show some selective frequency res
for these structures, for modes compatible withD4h Raman-
active modes and with large intensities. As we can see, th
frequencies are comparable in magnitude to the experime
results and to the values predicted by MP3, MP4, B3L
~and MP2! calculations for the correspondingD4h structure.
However, both of these structures have a larger numbe
active modes~with much smaller intensities! than the ones
shown in Table IV. Therefore, if we assume that the exp
ment can detect all Raman-active modes independent o
magnitude of their intensity, we cannot conclude that
experimental measurements supportC2v andCs equally well
as the ground-state structure. However, this assump
about the experimental capabilities is not always valid. V
weak vibrations cannot really be resolved or even detecte
many cases. Independent of this, an alternative reason
suggestion, which is put forward here, based on the marg
energy difference between these structures, is that all t
isomers coexist and that the experimental values reflect
averages over the three structures.

This picture is consistent with the poor performance
perturbation theory, as was established in Tables II and
On the other hand, Patterson and Messmer@6,7# have linked
02320
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the poor convergence of the perturbation expansion with
occurrence of long bonds in Si10 and other Si clusters. In this
case, the validity of the MP2~and generally of the perturba
tion! description could be questionable due to orbitals w
small overlaps for which interpair correlation effects are e
pected to be critical. Therefore relative energies for str
tures with and without long bonds are not expected to
described by MP2 as accurately as by CCSD~T! or other
correlation methods which include, explicitly or implicitl
~B3LYP!, interpair correlation. Obviously the same is tru
for the relative energies of structures with~substantially! dif-
ferent numbers of long bonds. As we can see in Fig. 2,
D4h structure has five such long bonds, while theCs isomer
has three and theC2v structure, which is more compact, ha
only one long bond~the Si2-Si3 bond!.

The occurrence of long bonds~and its possible conse
quences! is not the only similarity between Si6 and Si10. The
Si10 cluster is also magic and furthermore here too more t
one isomer, nearly isoenergetic, is competing for the gro
state @7,8#. This could be highly suggestive of a possib
connection of the magic property with the occurrence of s
eral isoenergetic isomers competing for the ground state,
result of the flatness of the energy hypersurface near
minimum. In this respect the stability of the magic cluste
would be a dynamic rather than a static property, indirec
related to the Jahn-Teller effect, which is largely responsi
for the almost isoenergetic distortions of the highe
symmetry structures. However, before additional and una
biguous supporting evidence becomes available from o
magic clusters, this is only a conjecture, which can serve
working hypothesis for future work.
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