J. Phys. Chem. A998,102,10113-10119 10113

Vibronic Interactions in Silicon Polyhedra of the Siss Clathrate Compound

Kazunari Yoshizawa,* Takashi Kato, and Masamitsu Tachibana
Department of Molecular Engineering, Kyoto Warsity, Sakyo-ku, Kyoto 606-8501, Japan

Tokio Yamabe

Department of Molecular Engineering, Kyoto Warsity, Sakyo-ku, Kyoto 606-8501, Japan, and Institute for
Fundamental Chemistry, 34-4 Takano-Nishihiraki-cho, Sakyo-ku, Kyoto 606-8103, Japan

Receied: May 5, 1998

The vibronic (vibrationat-electronic) interactions in the giclathrate compound are discussed using the
highly symmetric (SiH), and (SiH)4 cluster models to look at a possible correlation between the-Jahn
Teller effect and the superconductivity. The vibronic coupling constants for girddles in the mono-, tri-,

and pentaanions of (Sik)and for twelve g modes in the tri- and pentaanions of (SiHare calculated
using the MNDO-PM3 method, one of the most reliable semiempirical molecular orbital methods, to know
which mode of vibration plays a governing role in the Jafieller distortions of these interesting hypothetical
multianions. The lowest mode of about 100 énappears to significantly couple with their degenerate
electronic states to exhibit a large coupling constant in both silicon clusters. This type of low-frequency

mode is characteristic of nanosized molecular systems and would have relevance to acoustic phonon modes

in the solid. If the JahnTeller distortions play a role in the appearance of the molecular superconductivity
in the silicon clathrate compound as suggested in the fullerg@g,Aomplexes, the lowest mode of vibration
in the Spo moiety should have a significant effect on the interesting solid-state properties.

Introduction

Various silicon networks are prepared by thermal decomposi-
tion of Zintl-phase silicon as a building bloék.Yamanaka et
al2 have demonstrated that a silicon clathrate compound, (Na,-
Ba)Siss, prepared from Zintl-phase NaSi and BaSixhibits
superconductivity at 4 K, the elemental composition of this
silicon clathrate being NaBassSiss. The structure of silicon
clathrate compounds is isomorphous with that of the well-known
gas hydrate$and (Na,Ba)Siss belongs to the type-I structure,
in which the dodecahedral (12-hedral) cage cluster gf &id
the tetradecahedral (14-hedral) cage cluster af &e linked
together while sharing their faces, to lead to the three-

dimensional silicon network. The unit cell containing two 12- | BaSi ds al hibi ductititand
hedra and six 14-hedra is a simple cubic structure (consistingtrlgona aSi compounds also exhibit superconductivitan

of 46 Si atoms) with a lattice constant of 10.26 A for.Bas- that diamond-type gilicon is Fransformed into {fieSn type
Sis Al the Si atoms are linked together through®$ppe structure and next into the simple-hexagonal structure under
covalent bonds, the distances and the angles of which aregPressure to ShOW superconductivity.The (Na,Ba)Sias com-
approximately equal to those of the diamond-type silicon pound is the first example of a superconductor that consists of

network. The structural, electronic, and vibrational properties an sp silicon network. . . . .
of the Sis clathrate have been extensively investigdte@ihe The structural features and interesting solid-state properties
ideal elemental composition is b&aSiss in which an Na atom of the silicon clathrate compounds may have relevance to those

is located at the center of each 12-hedral cage cluster and a B! the fullerene ACeo complexes that exhibit high superconduc-
atom at the center of each 14-hedral one. as indicatad in tive transition temperatures over 30 K, where A is an alkali
The (K,Ba)Siss and BaSiss compounds appeared later to also metal such as Rb and &%.The LUMO (lowest unoccupied

exhibit superconductivity at 4 and 8%espectively, but neither ”?O'ecu'ar Orb't‘?l) of Go is 3-fold degenerate ) due to its
NagSiss nor NaSiizs shows superconductivity at a finite highly symmetric structure, and therefore the electronic state

temperaturé. It has been pointed out from band-structure ©f the Geo~ trianion is 3-fold degenerate. So we expect that

calculationd and NMR measuremeritthat the Ba atoms play J?hr:—Te_IIe(; dlstoruonsthshoulr(]j reaslpnabl}ihoccgr_to I'f:j the ¢
an important role in the appearance of superconductivity. It is electronic degeneracy through coupling with certain modes o

i i 3,14 i
ell-known that Zintl-phase-ThSh-tvbe SrSi and CaSiand moleculgr wpranpri. " A large amount of. theoretical work
W W n-p rtype SrS) S on the vibronic (vibrationatelectronic) coupling and the Jahn

* To whom all correspondence should be addressed. E-mail: kazunari 1eller effect of fullerene complexes has been conducted to
@scl.kyoto-u.ac.jp. account for the interesting solid-state phenomena of &A
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(SiH)20 (SiH)p> quite reasonable if all Na and Ba atoms in the clathrate
compound are almost completely ionized.
——— L UMO t, 1O 10RO 1O We consider the vibronic interactions in the two silicon cage
models. The vibronic mixing matrix eleme¥t,* W,,«(r, Q),
Electron doping is given by
Lo o Lo o lo ole o to o Lo o Lo olo ol
HOMO g V.
W’ ”(r!Q)ZV’«"(rlQ)_V’ ”(rvo)zz Q +
(SiH)2e (SiH)oe™ ” v v T\ 9Qq [o
2,
—— LUMO+1 &, 100 O 1 IV Q.0 (1)
= LUMO by  Ejectron doping OO 2; 3Q, aQﬁ 0 axp
=<0 HOMO b, OO whereV,,(r, Q) is defined as

Figure 1. Energy levels of the HOMO and LUMO in (Sikh)and of
thg HOMO, LU%/)I/O, and (LUMO+ 1) in (SiH). (1) V,(r, Q) = [, IV(r, Q)lg,.[] )
complexedS We recently investigated the Jahfieller effect V(T Q) includes the electroanucleus and nucletsiucleus

and possible superconductivity in negatively charged [18]- interactions, and, and¢,- are electronic wave functions.
annulene, (CH), which is an interesting molecular system with @ndQ signify the whole set of coordinates of the electrons and
a highly symmetricDg, geometry in the neutral staté. The nuclei, respectively. The first term on the right-hand side of
low-frequency JahnTeller-active modes that cause distortions €d 1 corresponds to the linear vibronic coupling constant. In
of the C—C framework of the molecule appeared to significantly the second term on the right-hand side, there are diagonal matrix
couple with the degenerate electronic state to lead to large €léments of vibronic interactions, i.e., force constants. Now
electron-phonon coupling constants in linear-chain models of We take two approximations into account. First we ignore the

the [18]annulene anions.

Since the (Na,Bapiss compound includes the highly sym-
metric Spp and Sp4 cage clusters which belong to theand
Dsg point groups, respectively, we expect that Jafeller
distortions should also occur in the anions of these silicon
clusters. Note that &and G belong to the same point group.
In this article, we shed new light on a possible correlation
between the JahrTeller effect in the S and Sy, clusters and
the superconductivity in the (Na,B&ss compound. To
calculate and analyze the vibronic coupling constants for the
Jahn-Teller-active modes of vibration in these silicon clusters,
we use the (SiH) and (SiH}»4 models because, in contrast to
the fullerene G, the Spo and Sp4 clusters themselves have a

dangling bond (unpaired electron) at each Si atom, due to their

strong sp silicon nature. A cluster model, in which the
electronic interactions within a small group of atoms are treated
in detail, is an extreme way of looking at the electronic structure
of solids. The cluster model and band theory provide us with
complementary viewpoints, and applicability of these has been
well established. The MNDO-PM3 (modified neglect of
diatomic overlap, parametric method 3) metibéane of the
most reliable semiempirical molecular orbital methods, was used
for calculations of geometry optimization, vibrational analysis,
and vibronic coupling constants.

Theory of Vibronic Interaction

We will use small letters for “one-electron levels” and capital
letters for both “electronic” and “vibrational” states, as usual.
The HOMO and LUMO of the (SiH) cluster of thely
symmetry are 4-fold (9 and 3-fold (t,) degenerate, respec-
tively; both the HOMO and LUMO of the (SiH) cluster of
the Dgg Symmetry are not degenerate, but the (LUMQL) is
2-fold (&) degenerate, as shown in Figure 1. We therefore
expect that JahATeller distortions should reasonably occur in
the (SiHyo™, (SiH)e®", (SiH)Xo*", (SiH)}4~, and (SiH)S
clusters. Since the formal charge of Si in the,dBey sSiss
clathrate compound is0.259, the formal charges of the,&i
and Sj4 clusters are counted to be5.17 and—6.21, respec-

nondiagonal matrix elements containing the quadratic vibronic
constants; only terms of ty[f@,2 are taken into account. Second
we focus upon the diagonal processes that can couple the
electrons belonging to the same irreducible representations; thus,
we consider both the electronic staggsandy" that belong to
the Ty, state in (SiH)o and the & state in (SiH)s. The direct
product of the 3, state of the mono-, tri-, and pentaanions of
(SiH)2 and that of the Estate of the tri- and pentaanions of
(SiH).4 can be reduced as

Tou X Tou=Ay+ Tpy+ Hy (3a)

E,xE,=A,+A,+E, (3b)
respectively. Thus, the 5-fold degeneratgnibdes of vibration

lift the 3-fold degenerate electronic states of the (&dH)
(SiH)20*>", and (SiH)¢>~ clusters, and the 2-fold degenerate E
modes of vibration lift the 2-fold degenerate electronic states
of the (SiH}4*~ and (SiH}s~ clusters. The number of such
Hg modes is 6 for (SiH), and that of such Fmodes is 12 for
(SiH)4. We therefore have to consider the multimode problems,
in which there are more than one set of Jafieller active
modes of given symmetry, according to Bersu#eiHowever,

in the limit of linear vibronic coupling, one can treat each Jahn
Teller-active mode independently.

Vibronic Coupling in the (SiH)24 Anions. Let us first
consider the vibronic coupling and the Jatireller effect on
the anions of (SiH). These are simplej£x E4 Jahr-Teller
systems. The two sheets of the adiabatic potetffg,(Qe,om,
Qe,m) Of the 2-fold degenerate electronic state that couples with
the nmth vibrational mode of the anions of (Sii)are given in
the form of eq 4, whereQg,m is the vibrational normal
coordinate belonging to row of the mth vibrational mode of
the irreducible representation.EHerey takes two vibrational
states) ande. The first term on the right-hand side of eq 4 is
the elastic term, antEs,|(9V/0Qg,ym)ol Es,[in the second term
corresponds to the linear vibronic coupling constant, which is

tively. Thus, the charge states we consider in this paper area measure of the interaction between the vibration labeled by
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2
U(E4) (QE46m' QE4em) - E4mQE4ym +

2

E4y” H2E4ym (4)

in the mth mode and the electronic states labeled/bgndy"

in the irreducible representation.EAccording to the Wigner
Eckart theorem%21we can rewrite the second term on the right-
hand side of eq 4 using the ClebseBordan coefficients and
we get the JahnATeller coupling matrix as

V. = _QE4em QE40m
Em An QE40m QE4em

if@

m=1,2, ...,

aQEAVm 0
12

®)

whereAy, is the vibronic coupling constant for threth mode:

(aQE m)0 ] ©®)

Am depends only on the irreducible representation and not on

the rows. From eq 5, eq 4 can be transformed into

1 10
§|<E4m(Q|£40m2 + QE4em2) 01 +

_QE4em QE46m
Am(QEﬁm QE4em) (7)

UETEA)(QE‘tem- QE4em) =

This can be easily diagonalized, and thus the adiabatic potentials

in the mth vibrational mode of the (SiH) anionic clusters
become

1

U@(Q@am! Qe,m) = §KE4m(Q|£49m2 + QE4em2) +

Am/Qegm + Qe (8)

In a linear approximation, the adiabatic potential in each mode
has the form of a rotation surface, the so-called Mexican hat.

A cross section of the Mexican hat (for the Jafireller
distortion of the (SiHys anions) cut by the plan®g,m = 0 is
illustrated in Figure 2. According to the Jakmeller theorent3®
the Dgg structure of (SiH)4 should be distorted intB,q andS,
structures through theyEnodes of vibration. The dimensionless
linear diagonal coupling constarg,m, for themth vibrational
mode of negatively charged (Sik)is defined by

Vv D
— ||E
4 (8QE4m) 0 ¢

In this equationgg,m is the dimensionless normal coordirtéte
defined as

1

o )

%em=

O = (@u/1) Qe (10)
Vibronic Coupling in the (SiH)2o Anions. Let us next
describe the vibronic coupling and the Jafireller effect on
the anions of (SiHh. These are the 5[ x Hg Jahn-Teller
system studied by Kholpin, Polinger, and Bersukethe
problem is a little complicated compared with the (SiHtjuster.
The Jahr-Teller coupling matrix in (SiH) is defined as
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Figure 2. Jahn-Teller distortions for (SiH), in the mth vibrational
mode.

VHgm = 7%
_Qngm + \/:'_)’Qngm 0 0
0 _QHgom - \/éQngm 0 +
0 2QH99m
0 QHQCm QHgnm
| Qrggm 0 Qugem | (12)
Qng]m QHgfm 0
m=1,2"..,6

wherel, is the vibronic coupling constant for tiieth mode of
vibration defined as

_ Y D
N T
Considering the elastic terms, the adiabatic potential becomes
U(H (QH il QH gem’ QH Em! QHgnm' QH §m) KH m(QH Gm
100
2 2 2 2
Qngm + QHggm + QHgnm + QHngm) 010+
001
_Qngm + \/ﬁQngm 0 0
Tm3 0 _Qngm - \/:_BQngm 0 +
0 0 2QHg0m
0 QHgZ;m QHgnm
m Qng;m 0 QHgljm (13)

QHgnm QHggm 0

Now we consider only one mode. For example, when we
consider only thQHgim mode Qngm Qngm QHgEm QHgnm

= 0), the adiabatic potentials in ro& of the mth mode of
negatively charged (Sik) become

100 0 QuemoO

m (QH @m) KH mQHggm2 010)+ Im QHQZ;m 0 0
001 0 0 0
(14)

This can be easily diagonalized, and thus, the adiabatic potentials
in row ¢ of the mth mode of negatively charged (Sidxut by
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the plan€Quyom = Qugem = Qugem = QHg17m = 0 become
U(Hg)(QH zm) KH mQH (15a)
Un?(Qs ) = KH mH em F 4 1,.Qy gm  (15D)
Qngm = Qngm = QHgEm = Qngm =0

In a similar way, the adiabatic potential in rows, andy of

the mth mode can be expressed by the same equations as that
in row . Thus, we can summarize the adiabatic potential as

follows:
utQ, Vm) KH Qi m (16a)
U(H (QH ym) H mQH jym :l: ImQH jym (16b)
y=e&é&n8
QHgy’m =0 (V' = )/)
These potential curves are illustrated in Figure 3.
When we consider only th@x,em mode Quzm = QHyem =

Qngim = Qugem = 0), the adiabatic potential in ro@ of the
mth mode of negatively charged (Siidkut by the plan@y em
- QHg};m QHg?]m QHng 0 becomes
100
Un?(Quom) = 5KimQupm [0 1 Of+
001
| _Qngm 0 0
\—; 0 ~Quom 0 (17)
3 0 0 2Q4_om
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Figure 3. Jahn-Teller distortions for (SiHy in the mth vibrational
mode.

(SiH)z0

(SiH)24

This has been already diagonalized, and thus? the adiabatic .. ¢

potentials in row6 of the mth mode of negatively charged

(SiH)20 cut by the plan@yem = Quyem = Qugym = QHgem = 0
become
|
(QH ern) Ky mQH em - %QHgom (18a)
Ho 2Im
U (QH 9m) H mQH em EQngm (18b)
Qngm = QHggm = QHgnm = QHQCm =0

This potential curve is illustrated in Figure 3. The Jafireller
theorem3® predicts that thd structure of (SiH), should be
distorted intaDsg, D3y, Don, andCop structures through gmodes
of vibration. The dimensionless linear diagonal coupling
constant for themth vibrational mode of the (Siky anions is

defined by
oV D
T
u (aqum)o 2u

In this equationgy,m is the dimensionless normal coordirite
defined as

1

%m = Fro,, (19)

= (0nfH) " Quy

Results and Discussion

(20)

Molecular orbital calculations and vibrational analyses were
carried out using the MNDO-PM3 methétimplemented with

Figure 4. Optimized I, and Dgg structures of (SiH) and (SiH)4,
respectively, at the PM3 level.

the Gaussian 94 prograth. This method is one of the most
reliable semiempirical molecular orbital methods, especially for
bond length, heat of formation, and ionization potential. The
optimized structures of the neutral (Siland (SiHY4 clusters

are shown in Figure 4. These neutral structures were confirmed
to be a minimum on each potential energy surface from
vibrational analyses. The SBi bond distances of approxi-
mately 2.36 A and the bond angles of approximately°18@
consistent with those of the diamond-type silicon network,
except for the angle of 12dn the hexagon of (SiH).

The 5-fold degenerate Hnodes of vibration for the (Sit)
cluster are shown in Figure 5; we indicate here only one of
each H mode. These JahtTeller-active modes should remove
the degenerate 2f electronic states of the mono-, tri-, and
pentaanions, as mentioned above. The low-frequency modes,
w1 and w,, are ascribed to cage deformation of the (SH)
cluster; thews, w4, and ws modes are ascribed to -Sbi
stretching coupled with SiH bending; the highesbs mode is
ascribed to StH stretching. These computed frequencies are
consistent with general trends in reference values from infrared
spectrd® and the Raman spectra of theySclathrate com-
pounds?® but the computed SiH frequency of 1895 cmt is
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-1
ws 585 om? g 1895 cm

Figure 5. Hq vibrational modes of (SiH.

TABLE 1: Vibronic Coupling Constants, gym, for the
(SiH)207, (SiH)2¢®", and (SiH),;>~ Cage Clusters

mode (cnT?)
w1 (103) 2 (331) w3 (458) w4 (505) w5 (585) W6 (1895)
(SiH)20~  20.23 0.75 0.25 0.19 0.38 0.31
(SiH)2e®~  17.22 2.83 2.20 2.01 145 0.19
(SiH)20"~ 3.90 1.01 0.75 0.25 0.44 0.06

smaller than reference SH stretching values lying in a range
of 2100-2250 cntl. The MNDO-PM3 method has a tendency
to systematically underestimate-$i stretching values of silicon
compoundg’

We next consider the vibronic coupling constants for the
mono-, tri-, and pentaanions of the (Sibikluster. In these
charge states the highly symmettjcstructure is unstable and

J. Phys. Chem.

A, Vol. 102, No. 49, 19980117

s 546 om” w; 1901 em™

Figure 6. Selected Evibrational modes of (SiH).

molecular systems such as [18]annulene and cordfboenot

in small molecules such as benzene. Thus, the lowest mode of
vibration appears to greatly contribute to the Jafeller
distortion of the anions of the (Sibt)cluster.

Having described the vibronic coupling constants of the
(SiH)20 anions, we next turn our attention to the vibrational
modes and coupling constants of the (SiiHnions. Selected
E4 modes of vibration for the (SiH) cluster are shown in Figure
6. These are also classified into cage deformation of the cluster
(w1 andwy), Si—Si stretching coupled with SiH bending (4,
w7, andwg), and Si-H stretching @12).

The computed coupling constangs,m, of the (SiH}»4*>~ and
(SiH)24£~ clusters for the twelve Emodes of vibration are listed
in Table 2. These values appear to be small compared with
those of the (SiH) anionic clusters listed in Table 1; we thus
find that the electrorvibration coupling in the (SiH)®~ and

leads to distorted structures in order to remove the electronic (SiH),s>~ clusters is not significant in contrast to that in the

degeneracies according to the Jafieller theoreni2 In Table
1 we list the computed vibronic coupling constargg,m, of
the (SiHYo™, (SiH)0*", and (SiH}¢>~ clusters for the six gl

(SiH)o anionic clusters. Although the Jaind E modes of
vibration are JahnTeller active in the (SiH)p and (SiH»4
anionic clusters, respectively, they behave in different ways in

modes. These values correspond to the derivatives of the totalcontributing to the electronvibration coupling. But we can

energy at the original point, obtained by distorting the equilib-
rium structure of the molecule along ary iAbrational normal
coordinate indicated in Figure 5. The lowest mode, of 103
cm™%, which is similar to the acoustic phonon mode in the solid
because it is responsible for a cage deformation of the ¢&iH)

conclude in general that high-frequency modes, which derive
mainly from hydrogen motions of the (Sikd)and (SiH}4
clusters, have small coupling constants. Thus, such hydrogen
motions do not significantly couple with the degenerate
electronic states, and accordingly applicability of the hypotheti-

cluster, has the largest vibronic coupling constant in these cal cluster models terminated by hydrogen atoms can be
anionic clusters. This type of vibration can be seen in nanosizedrationalized.

TABLE 2: Vibronic Coupling Constants, ge,m, for the (SiH).42~ and (SiH),,°~ Cage Clusters

mode (cnT?)

01(84) @2(122) w3(191) w4(362) ws(432) we (459)

07(510) 5(543) o (546) ®10(582) wi1(1894) w12 (1901)

0.06
0.00

(SI H)2437
(SI H)245_

1.95
0.06

0.38
0.00

0.19
0.13

0.25
0.00

0.06
0.00

0.19 0.00 0.00 0.00
0.00 0.00 0.00 0.00

0.19 0.06
0.00 0.00
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On the basis of the vibronic coupling constants for the (&H)  vibronic coupling constants for sixgtnodes in the mono-, tri-,
and (SiH}4 anionic clusters, let us consider a possible correlation and pentaanions of (Sikt)and for twelve & modes in the tri-
between the JahtTeller effect and the superconductivity of and pentaanions of (Sibk)were calculated in order to know
the (Na,BajSiss clathrate compound. As mentioned above, the which vibrational mode plays an essential role in the Jahn
charge states we have considered are quite realistic from formalTeller distortions of these multianions, interesting degenerate
electron counting so that it is rational that we assume that the molecular systems. The lowest modes of about 100*cm
Jahn-Teller distortions of the $ and S, cage clusters will the spectra of the two clusters appear to significantly couple
play an important role in the solid-state properties of the (Na,- with their degenerate electronic states to lead to much greater
Ba)Siss clathrate compound. From an analogy with the coupling constants for both silicon clusters. In particular, the
fullerene ACsgo, We think that the JahnTeller distortion of the Hgy mode of 103 cm? for the (SiH)o cluster has the largest
Sixo moiety should contribute to the appearance of supercon- coupling constant for each anion. This type of low-frequency
ductivity in the (Na,Ba)Siss clathrate compound because the mode is characteristic of nanosized molecular systems and has
vibronic coupling constants for the (Sik)anionic cluster are relevance to the acoustic phonon mode in the solid. If the-dahn
much larger than those for the (Sid)anionic cluster. Teller distortions play a role in the appearance of molecular

(SiH),0 and (SiH)4 are, of course, our cluster models for the superconductivity in the silicon clathrate compound as in the
(Na,Ba)Siss, BagSise, and NaSige clathrate compounds. But  fullerene ACso complexes, the lowest mode of vibration for
it is difficult to find a good reason to account for supercon- the Spo moiety should have a significant effect on the interesting
ductivity in the first two solids but no superconductivity in the solid-state properties.
third one. One can see a similar situation for the fullereg@/
complexes, in which superconductivity appears iCilp and Acknowledgment. We are grateful for a Grant-in-Aid for
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