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Interchain interactions in one-dimensional periodic systems: An analysis
of second-order effects causing deformation

Kazunari Yoshizawa® and Roald Hoffmann®
Department of Chemistry, Cornell University, Ithaca, New York 14853-1301 and Institute for Fundamental
Chemistry, 34-4 Takano-Nishihiraki-cho, Sakyo-ku, Kyoto 606, Japan

(Received 20 March 1995; accepted 24 April 1995

The role of second-order perturbations in interchain interactions of one-dimensional electronic
systems is examined. The general features of such interchain interactions are deduced from a simple
two-chain model. From a perturbation-theoretic analysis, the second-order term originating from
two different bands near the Fermi level leads to an important out-of-phase coupling of
charge-density-waves on neighboring chains. The preferred distortion is predicted for various
electron counts, using a transition-density analysis. Specific geometrical conclusions are derived for
polyacene systems. @995 American Institute of Physics.

INTRODUCTION analyzed in terms of orbital interactions, may be found in

hangbo's articlé®

The purpose of this work is to investigate systematically

electronic consequences of interchain interactions on

We assume that in most molecules the electrons adjué’tv
instantaneously to the nuclear positions and that the nucl?'he

move in the average field of the rapidly moving electrons. As X ; .
9 pidly 9 tructural deformation on such one-dimensional extended

is well known, when an excited state lies close to the groun& S . :
state in molecular systems, the Born—Oppenheimer approx systems. We will discuss second-order or pseudo-Peierls dis-
mation mentioned above breaks down. For degenerate ele ortion in weakly-coupled chains in various charge states us-
tronic systems the first-order perturbation effect dominated'9 2 simple two-chain model.
the consequences of such a breakdown; we refer here, of

course, to the familiar Jahn—Teller effééNearly degener-

ate electronic states are also coupled vibronically and mapECOND-ORDER PERTURBATIONS IN ONE-
deform, now through a second-order or pseudo-Jahn—Telld?lMENSIONAL SOLIDS

effect®>° Second-order perturbation theory also provides the

. ; In order to clarify the orbital interactions in the inter-
background for an alternative account of the well-established, . \
: . chain problem, we expand Bader’s treatni@mif perturba-
symmetry rules for chemical reactiohs:

The Peierls distortiofl, the indication that in a one- tion theory to one-dimensional electronic systems. We first

dimensional chain with a partially-filed band the regularassume an equilibrium nuclear configuration for an infinite

chain structure is potentially unstable, is the solid state an ghain. The unperturbed band orbiil), usually given by a

log of the first-order Jahn—Teller effect. Distortion of one—allnear gombma_nons of Bloch functions, and its enefgy,
are written as in Eq(l),

dimensional chains takes place through coupling between an
electronic state and a phonon, a normal mode of vibration of ~ Hglk,1)=Ey |k,!), @

ﬂ:e ltJrn(rd]?rl)ﬂngnl]atrtlc? \\//Vhrlcgl can g;ilvertk;i% §tlaugtilrj]re |?rt]o AMyhere Hy is the original one-electron Hamiltoniak, the
eiectronically more lavorable configuration. ce M€ \wave vector, and the band index.

late 1970s, many chemists and physicists have been con- We are concerned with how the energy changes when a

cemed with the structural and electronic properties of oneg e gimensional chain is distorted from its equilibrium con-
dimensional systems subject to a Peierls distortion.

: X . ._figuration. The Hamiltonian may be expanded as
In real crystals there always exist three-dimensional in- 9 y P

teractions, even if their magnitude varies. Interchain interac-
tion plays an important role in determining the macroscopic

electronic properties of one-dimensional materials. This

problem has been theoretically investigated from varioué’vhe.r.e gi stands for the-cﬁsplacemeljt of the atoms from the
viewpoints'>—1° Just as for molecules, a second-order effec quilibrium nuclear position along théh normal coordinate.

is also possible. Chain distortion as a consequence of inte Jsing second-order perturbation theory, we can write the

chain interactions can be classified as a second-order é%ect_one-electronatsar:ﬁrg)é c(’;)a distorted chain as a function of ex-

Several interesting examples of the second-order Peierls gignsion Ing;
tortion are known so fa&t~2* Important qualitative discus- i o,
sions of interchain interactions in low-dimensional solids,  Exi(&)=EkiT Vi kiéit 5 Vi kiéi

1
H=Ho+(9H/0&)o&i+ 5 (9?HI9E7) €7, @

VL,I,k+Q,mVL+Q,m,k,I

dVisiting Scientist at Cornell University from Institute for Fundamental 62 3
Chemistry(Kyoto). m Exi—Ex+om "

YAuthor to whom correspondence should be addressed at Cornell Univer- ]
sity. whereQ is a wave vector parameter, and
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#V(r,R) #V(r,R) laxation of the electron distribution. This transition force is
Vi = <k |‘ i k, > f Prelicl ~ 5 d7 (4)  different from zero only ifp, |+ q.m and & have the same
! : symmetry. Therefore the symmetry of favorable nuclear mo-
and tion should be the same as the symmetryof,,q m. The
following discussion of interchain interactions is based on
Vi (kI V(r,R) K+Q,m analysis of the transition densiftiq. (6)] in one-dimensional
klktQm-—} ™ 9E, : chains.

oV(r,R
=f Pkt om NIR) (5  INTERCHAIN INTERACTIONS OF ONE-DIMENSIONAL
0§ SOLIDS

are the perturbations. In Eq@l) and (5), Let us first consider the simplest model of interchain
interaction, namely two weakly-coupled metallic chains, rep-

k+ Q,m>; (6)  resented in structure 1. HereM—-M—M- stands for a linear
chain of atoms, molecules, or molecular fragments, symbol-

Xr—r,;) is the operator whose expectation value is the?zed as heavy dots at right. Let us take a single unit cell, as

chance of finding electropat the pointr. In these equations indicated by the broken lines in structure 1, and proceed to
V(r,R) is the electron—nuclear and nuclear—nuclear potenderlve the selection-rulébetween electronic states and wave

tial energy. vecton which might drive the structure into a different, more

The second and third terms of E®) are first-order, and favorable configuration.
the fourth term a second-order perturbation. The second term MMM —M—M—M—M-  —e—le i
is the usual Jahn—TellgPeierlg term and it is significant in =
the degenerate case; however, we ignore this term for a while ~M--M--M—M—M—M—M-  —e-e-
in our present developmens, | | is the electron density at 1
wave vectork of bandl for the undistorted chain. Thus, the ) , . o
third term of Eq.(3) describes the increase in the energy of ~ USing Bloch's theorem, the unperturbed tight-binding
the chain when the nuclei are displaced from their equilib-Wave function may be written as E¢),
rium positions and the electrons are kept fixed. The fourth 1 NM
term of Eq.(3) containsVy | x+ o.m Which induces relaxation Ik, 1) = \/— 2 E e’ i | wdu(x—va), (9)
of the electron distribution through mixing between the oc-
cupied|k,l) state and unoccupiefk+Q,m). The quantity ~where ¢,(x—va) is the uth atomic orbital in thevth unit
Pk k+qQ,m appearing inVy, .o m is called thetransition  cell, N the total number of cellsM the number of atomic
density”*?® It is the electronic charge transferred within the orbitals within a cell,a the lattice vector| the band index,
one-dimensional chain as a consequence of a certain nucleandc,, , the expansion coefficient. We assume for simplic-
motion. ity that each M has one electron accommodated in an atomic
In Eq. (3) second-order perturbation theory is applied toor molecular orbital. By symmet®f, the wave functions of
a multiband model. IE, | andE, o r, belong to two differ-  the band 1 and 2 of the two-chain model are written as
ent bands, i.e.n#1, the denominator in the fourth term of

Pkl k+Qm= < kil

=
;
]
1
1
=
l
=
|
=
1
[}
[
[
[
[
[ ]
[

Eq. (3) is large and the corresponding term in general small. y=— elkva 1

We usually neglect terms of this kind; however, exactly this 1 \/_ = V2+2S;,

interband interaction will play an important role in the inter-

chain problem about to be discussed. In molecules, the X[pa(x—va)+ @a(x—va)] (10)

second-order effect is not negligible, if the energy differenceand
is less than about 4 €.

The first-order wave function is Ik,2)= 2 ikva 1
| "2
|k,|>’=|k,|)+§i% [V k+o.m! (Exi— Exso,m)] X[ @1(X— va)— @o(X—va)], (12)
k+Q,m). (7) respectively.g,(x—va) and ¢,(x—va) are atomic or mo-

lecular orbitals on chain 1 and 2 in théh unit cell.S;, is the
The transition density may contribute to the electron densityntracell overlap integral between the two orbitals. It is es-

of the distorted chain as sential not to confuse the band index with the chain index.
Figure 1 shows schematically the band structure of the
P|'<,|,k,|:Pk,|,k,|+2§iz [VL,| k+Q,m/(Ek,I_Ek+Q,m)] two-chain model. When thiterchain interaction is weak

compared with thentrachain interaction, four Fermi wave
vectors,+ kFl and = kF2 appear around:m/2a in the first
Brillouin zone, wherea is the lattice vector. The splitting

~ According to Badef’ we can interpret the term of the two bands is a measure of the strength of the inter-
Vi k+qom as the force acting on the nuclei through the re-chain interaction. When the interaction is weak, the splitting

X Pk, k+Q,m- (8)

J. Chem. Phys., Vol. 103, No. 6, 8 August 1995
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FIG. 1. Band structure of two-chain modddz = (kIEl + sz)/Z is the
quasi-Fermi wave vector.

is small, and then the fourth term of E®) is important. Let
us define the quasi-Fermi wave vectkf as kgz(kp1

+ kFZ)IZ. If the twobands have the same shagg,is equal

to m/2a. It is quite clear from Eq(3) and Fig. 1 that the
mixing of the states near the Fermi level dominates the en-
ergy changdstabilization. It is essential in interchain inter-

actions to take into account the second-order effdhus,
we consider the case th&, and Ey o, belong to two
different bands in the fourth term of E(B).%’

Let us now calculate for this interchain problem the tran-

K. Yoshizawa and R. Hoffmann: Interchain interactions in periodic systems

B21=@a(X—a) @1 (X—2a)

are “cross” off-diagonal densities. The corresponding rela-
tion in a single chain may be seen in Ref. 28.

We are interested in the off-diagonal densitigs, and
B>, rather than the on-site oné&; and «,), since the off-
diagonal charge-density-wau€DW) state corresponds to
the lowest-lying eigenvalue in the so-called stability matrix
used in the analysis of finite polyerf&sind polyacetylend’
This means that a bond-alternating structure is favored for a
single polyene chain. Incidentally, the next lowest-lying ei-
genvalue corresponds to the on-site CDW state. We focus our
main attention on the analysis of the off-diagonal part of the
transition density.

For simplicity, let us neglect the cross off-diagonal terms
for a while, because they seem smaller. Equati®) there-
fore becomes

Pxi2a,1,m/2a+Q,2
1 iQra
3N D (a1— )€+ > (B11— Bao)

X(eiﬂ'/2+iQa+e—i7T/2)eina , (13)

where S2, is assumed to be negligible compared with 1.
Three general features of interchain interactions can be de-
duced from Eq(13).

sition density{ Eq. (6)] near the Fermi level. Collecting a few (1) The first point concerns the phase of on-site and off-

terms on the assumption of a nearest neighbor approxima-

tion, we finally obtain Eq(12),

Pwi2a,1,7/2a+Q,2

w w
=<£,1; 8(r—rj) £+Q,2>
=;[E (ay— ap)e'?"

2Ny1-S7, |7

+z [(:811_322)(ei”/2+iQa+e—iﬁ/2)

_ (BIZ_ﬁZZL)(ei 7/2+iQa__ e—iﬂ'/Z)]eiQ va ' (12)

where
ar={ei(x—a)}* and a,={¢x(x—a)}?
are on-site(diagona) densities;
Bi1=e¢1(X—a) e (x—2a)
and

B22=a(X—a) @a(X—2a)

are intercell overlap or off-diagonal densities, localized in

the chain 1 and 2, respectively; and

B12=@1(X—a) po(X—2a)
and

diagonal densities. There is always an out-of-phase cou-

pling of these densitiesn neighboring chainsThis is

important in describing the transition density of inter-
chain interactions.

(2) When Q=0, the off-diagonal part vanishes, because
cogn/2)=0. There is no fluctuation in the off-diagonal
part of this transition density whe@=0. Consequently,
we can conclude that chain distortion will not occur
through mixing between occupiéd/2a,1) and unoccu-
pied|w/2a,2) (see Fig. L Although the on-site densities
remain, these do not alternate in chains. Charge separa-
tion occurs between chains in this case.

(3) On the other hand, whemQ=-2ki=-m/a, i.e.,

the mixing is between occupiéd/2a,1) and unoccupied

|-m/2a,2), the situation is quite different, as expected

from Eq. (14),

1 .
Priza1ml2a+Q2™ 5N 2 (y—ap)e™ "™

+2) (Biy—Bope 27, (14)

On neighboring chains there appear out-of-phase on-site
and off-diagonal CDWs which are commensurate with
the lattice periodicity; the wavelength of these CDWSs is
2a. In particular, the appearance of the off-diagonal
CDW is important for a certain chain distortion, as men-
tioned above. We can therefore predict from the fourth
term of Eq.(3) (second-order perturbation; negadivieat

J. Chem. Phys., Vol. 103, No. 6, 8 August 1995
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acting on the nuclei or molecules, or their preferred motion,

i l f l g i l i due to the electron-distribution relaxation—it is reasonable
to presume that the positively charged nuclei should move in

\ the direction of increased electron density. Structue®er
‘ l | f l l i ] par) shows the resulting geometry. This broken-symmetry

state is a direct consequence of orbital interaction near the
i I i I \ / I i I i Fermi level. This result is fully consistent, as it must be, with
l l l l / Whangbo's analysis, in which a doubled unit cell is
k = -/a k=nla  5ssumed® Since the third and fourth terms of E(B) are
‘ I ‘ i I ’ i ‘ positive and negative, respectively, the extent of the distor-
tion would be determined by the balance of these terms.
k=-r2a I I I I k=nl2a Clearly, the out-of-phase coupling of the off-diagonal CDWs
minimizes the direct Coulomb repulsion between chains.
k=0 This would additionally stabilize this broken-symmetry state.
FIG. 2 Crystal orbitals of the two-phain mod_elle#O, t_qr/Za, and*+m/a. However, it is important to stress that this out-of—phase cou-
The line-segments denote a quasimolecule in the unit cell. pling essentially comes from orbital interactions on neigh-
boring chains, not from a direct Coulomb effect.
a distorted chain structure is stabilized through a particu- o, the other hand, there exist no off-diagonal CDWs in
lar nuclear m(_)tion. Th_is is the third important generalhe transition density aD=0, as seen from Fig. 2. Thus in
feature of the interchain problem. this case the transition force does not operate on the nuclei or
In order to obtain a more detailed and explicit picture ofmolecules. Consequently, the mixing between occupigd
these general conclusions, it is convenient to use crystal o2a,1) and unoccupieds/2a,2) does not induce effective
bital representations. The wave functions of band 1 and 2 atuclear distortion. In this case only on-site CDWSs appear
the special pointk=0, =7/2a, and=m/a are shown sche- through the orbital mixing.
matically in Fig. 2** The closed and open circles stand for  Although we have neglected the cross off-diagonal terms
the orbital phase +" and “ —,” respectively. (B1, and B,y) of Eq. (12), these terms may play an important

_ We take into accoun@=0 and— 2k, as indicated in  (o|e in some interchain distortions. Let us now consider this
Fig. 1. As mentioned in the previous section, the transmoqntriguing possibility, distortion driven by the cross off-

force operates on the nuclei or molecules when the tranSitiorc]iagonal densities. We can see from Etg) that the cross

densitypy | «+q m andé have the same symmetry. In order to . . )
predict the distortion favored as a result of interchain inter-Off'dl"’lgonal densities appear wh@n=0, in remarkable con-

action, let us first examine the shape @f; . qm, Where trast’to the off-dlagopal de.nsmes Wh'ch appet‘ar @t

|=1, m=2, k=m/2a, andQ = —2k.. As seen in Fig. 1, —2KE . Thesg |nterac.:t|o-ns will cause g kind -of parallelo-

|m/2a,1) is occupied and—/2a,2) is unoccupied. gram” distortion, as indicated schematically in structure 3.
We show in structure 2 how the transition density favorsThis theoretical possibility has not, to our knowledge, been

the nuclear or molecular motion with the same symmetry agonsidered so far.

Px,1.k+o,m- Here closed circles signify nuclei or molecules;

and “+”and “ —" representthe sign of the product of neigh- N N o’ o~y o~y
boring orbitals or the off-diagonal density mentioned above. >.\+ >_S+ >_\+ \>_\+
We do not show on-site densities, because they are less im- P “e Pd h Pid e P “

portant, as discussed above. From the form of this transition
density, we understand that the charge is displaced from the
“ —"region to the “+" region as a consequence of orbital
interactions near the Fermi level. Consequently, there ap-
pears an out-of-phase coupling of the off-diagonal CDWs on
neighboring chains, as shown in structure 2. 3

-~ e Having described the interchain coupling of the two me-

o -0 e - es tallic chains whose repeat unit M has one electron, let us

next examine how dopingg common experimental pertur-
bation might affect the interchain interaction. Suppose that
ﬂ electrons are removed from the system by doping the mate-
rial with electron-acceptors. For simplicity, consider that the
quasi-Fermi wave vectdkr is shifted from=x/2a to ==/
4a, due to a specifitand substantialdecrease in the number
of electrons. In this casés/4a,l) and|—m/4a,2) are occu-
pied and unoccupied, respectively. The transition density
The vectors in structure Qupper part show the forces may be written as Eq.15),

J. Chem. Phys., Vol. 103, No. 6, 8 August 1995
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Fermi level are important for this perturbational treatment,
1 i i f ‘ g l f i ’ l g l ’ f we consider just ther electrons. Although polyacene and the
two-chain model 1 are topologically different and hence it is

impossible to take a unit cell of the type we drew in structure

’ I I I ' i 8 i I I ’ i g i ’ I 1, we nevertheless find it useful to formulate analysis of the
system in this way. The system certainly is far from the
ideal one, but ther band-structure near the Fermi level is
k =-n/da k = n/da likely to be similar to that of the two-chain modétig. 1).

FIG. 3. Crystal orbitals of the two-chain model ket = 7/4a. The line- An analysis 'Of th? tr?ns_ition d?nSity points to the pre-

segments indicate a quasimolecule in the unit cell. ferred nuclear distortion indicated in structure 8. There is a
clear ordering of CDW modulations on neighboring chains.
This indeed suggests a preference for structure 7, a result

1 oo consistent with the analysis of the orbital interactions by

Prldalmlaa+Q2~ 5N > (ar—ape 27423 (B, Kertesz and Hoffmanft
i /0 /. /0

o (15 AR S
where Q=-—2ki=-—m/2a. Clearly, this generates 2 - o ‘2 - o 2 - . + 2 -
another type of out-of-phase CDW coupling on neighboring uf et o
chains. The wavelength of these CDWs) is twice as large _ )
as in the former case. Doping should modify the structure of polyacene. Imag-

Figure 3 depicts the wave functions of the band 1 and 2ne that electrons are removed from the systempbype
at k== 7r/4a.3* We show in structure 4 the schematic tran- doping. We assume here that the quasi-Fermi wave vector
sition densitypy | 1 o.m» Wherel=1, m=2, k=m/4a, and ke is shifted to ml4a as a result of the lowered electron
Q=—2k.. Charge is displaced from the—" region to count. We show in structure 9 the transition density
the “+” region as a consequence of orbital interaction near’ k+qm, Where I=1, m=2, k==/4a, and Q=
the Fermi level. The nuclear motion favored is indicated with— 2K . There is now a different out-of-phase coupling of
the vectors. In the resulting structure(léwer), bond alter- CDWs between chains.
nation would be weak compared to structure 2. .

[ ] [}
e -/+ +\- -/+
- —— - - L4 4 L4 i
+@® - ©® - 4+ 0+ 0 -0 -0+ 0+
[ L] [ L]

-0+ 04+ 0 -0-04+ 0+ 0-0-
—— ——

— — 9

The preferred nuclear motion is also indicated with the

"""" * & e 6 e arrows. This analysis predicts structure 10 as the favored
geometry ofp-type doped polyacenior the particular elec-
tron count specified The broken line-segments indicate in-
cremental bonding. This structure clearly suggests a relax-

Consider next a more realistic problem, the bond-ation of the bond alternation, which indeed is what happens
alternation of polyacene. The undeformed organic polymer isn doped polyacetylen®.
shown in structure 5; structures 6 and 7 are two possible
ways of localizing bonds in the polymer. Extendeddkel
band calculation® indicate that structure 7 is energetically
favored for this one-dimensional organic polymer. The single 10
and double line-segments in these structures st'and for long The detailed geometrical structure of neutral and doped
and short C-C bc_)nds,_ respectl_vely. Let us con_s_lder the _preﬁolyacene is not known experimentally, because crystalline
ferred _nuclear distortion implied by a transition-density polyacene has so far eluded synthesis. It will be very inter-
analysis. esting to see the geometry of the system when it is made, as

it surely will be.
5 6
CONCLUSIONS

7 . . . . .
The first-order perturbation effect is dominant in degen-
One way to view polyacene is as two interactingns  erate electronic states, and in one-dimensional extended sys-
polyacetylene chains. Since the electronic states around thems the usual Peierls distortion occurs to remove that de-

J. Chem. Phys., Vol. 103, No. 6, 8 August 1995

Downloaded 07 Dec 2012 to 128.253.229.242. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



K. Yoshizawa and R. Hoffmann: Interchain interactions in periodic systems 2131

generacy. In this paper, we have discussed nondegenerats. L. Aitmann,Band Theory of Solids: An Introduction from the Point of
cases, i.e., second-order or pseudo-Peierls distortion. WeView of SymmetryOxford University, Oxford, 1994
have examined from a quantum chemical viewpoint the way %:‘;%?e?i’:ﬁg{eygg‘ﬁi&gohm'ted by L. P. Gor'kov and G. Gner
the _sec_ond-ord_er_perturb_aﬂon functions, specifically in CON4G - Griner, Density Waves in SolidéAddison—Wesley, Massachusetts,
trolling interchain interactions. The second-order term which 1994,
derives from two different bands near the Fermi level plays®B. Horovitz, H. Gutfreund, and M. Weger, Phys. RevlB 3174(1975.

. . - . 16 . .
an important role in such interactions. As a consequence, K- Saub, S. Barisic, and J. Friedel, Phys. Lett5@ 302 (1976.
. . 17D Baeriswyl and K. Maki, Phys. Rev. BS, 2068(1983
there appears an out-of-phase coupling of CDWSs on neighz 2" : ' e '

. . . . . . S. Kivelson, Phys. Rev. B6, 7093(1982.
F’O””g C.ha.ms' Th_e preferred dl§t0rtI0nS which .arlse fromuey Yamabe, K. Tanaka, S. Yamanaka, T. Koike, and K. Fukui, J. Chem.
interchain interactions were predicted as a function of elec- phys.82, 5737(1985.
tron count, using an analysis of the transition-density neaf’™.-H. Whangbo, Crystal Chemistry and Properties of Materials with
the Fermi level. We believe that our approach will be useful Quasi-One-Dimensional Structuresdited by J. Rouxe{Reidel, Dortre-

. . . . . cht, 1986, p. 27.
for the understanding of the role of orbital interactions in 21\, Kertesz and R. Hoffmann, Solid State Commdf, 97 (1983.

interchain coupling of one-dimensional materials. 22T, Hughbanks and R. Hoffmann, J. Am. Chem. Sba5, 3528 (1983.
ZR. A. Wheeler and P. N. V. P. Kumar, J. Am. Chem. Sti4, 4776(1992.
ACKNOWLEDGMENTS 24(a) R. F. W. Bader, Mol. Phys3, 137(1960; (b) Can. J. Chem40, 1164
(1962.

We would like to thank Professors Tokio Yamabe and®R. G. Pearson, J. Am. Chem. S&i, 4947(1969.
Kazuyoshi Tanaka for useful discussions. We are grateful t6°T- A. Albright, J. K. Burdett, and M.-H. Whangb@rbital Interactions in
the National Science Foundation for its support of this work,, Chemistry(Wiley, New York, 1983.

- 2Tt is important to stress the role of the first-order effect in this interchain
through research Grant No. CHE-94-08455. K.Y. would like interaction, although in this paper we focus our attention on the role of the

to thank the Japan Society for the Promotion of Science for second-order effect. Since there are four Fermi wave vectork; and

the financial support. * kg, in the first Brillouin zone, first-order terms such as
(ke LoV(r R oETke, + Q1) and (ke 2l[oV(r R)/a& ]|k,

+ Q,2) may not vanish. However, the CDWs formed by these are in
general not commensurate with the lattice periodi¢sge Fig. 1L Conse-
guently, these first-order terms are less important in this interchain inter-
action. Nesting between different bands has been discussed in band cal-

culations of some molybdenum chains; see, J. P. Pouget and R. Comes,
Charge Density Waves in Solidsdited by L. P. Gor'kov and G. Gner

1H. A. Jahn and E. Teller, Proc. R. Soc.181, 220 (193%.

2See, for example, . B. BersukeFhe Jahn-Teller Effect and Vibronic
Interactions in Modern Chemistr§Plenum, New York, 1984

3R. L. Fulton and M. Gouterman, J. Chem. Ph$§, 1059 (1961).

4W. D. Hobey, J. Chem. Phyd3, 2187(1965.

5J. S. Alper and R. Silbey, J. Chem. Ph§g, 569 (1970.

8R. B. Woodward and R. HoffmaniTthe Conservation of Orbital Symmetry :
(Chemie, GmbH, Weinheim, 1970and references therein. (Elsevier, Amsterdam, 1989p. 102, and M.-H. Whangbo and L. F.

K. Fukui, Theory of Orientation and Stereoselectié®pringer, Heidel- ZSSchneemeyer, Inorg. Cherd5, 2424(1986; and see Ref. 12.
berg, 1970, and references therein. M.:H. Whangbo, J. Chem. Phyg5, 4983(1981.

8R. G. PearsorSymmetry Rules for Chemical Reactions: Orbital Topology -.J- OZek and J. Paldus, J. Chem. Phgg, 3976(1967.
i 30K, Tanaka, H. Kobayashi, S. Yamanaka, K. Yoshizawa, and T. Yamabe, J.
and Elementary Processe@Viley, New York, 1976, and references ) y ) ) ) )

therein. Chem. Phys91, 3724(1989.

°R. E. PeierlsQuantum Theory of Solid<larendon, Oxford, 1955 31In order to get real orbitals, appropriate linear combinations were taken at
19R. Hoffmann, Solid and Surfaces: A Chemists View of Bonding in Ex- _*m/2a and = w/4a.

tended StructuréVCH, New York, 1988. 32M.-H. Whangbo, R. Hoffmann, and R. B. Woodward, Proc. R. Sa868
113, Kagoshima, S. H. Nagasawa, and T. SambdBge-Dimensional Con- 23(1979.

ductors(Springer, Berlin, 1988 333ee, for example, S. Roth and H. Bleier, Adv. PH8&. 385 (1987).

J. Chem. Phys., Vol. 103, No. 6, 8 August 1995

Downloaded 07 Dec 2012 to 128.253.229.242. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



