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Quantum structural approach to high-Tc superconductivity theory:
Herzberg-Teller, Renner-Teller, Jahn-Teller effects and intervalent geminal charge transfer

Ying-Nan Chiu
Center for Molecular Dynamics and Energy Transfer, Department of Chemistry, The Catholic University of America,

Washington, D.C. 20064
~Received 5 June 1996; revised manuscript received 4 October 1996!

We use quantum molecular structure and spectroscopic thoughts of various possible vibronic interactions for
the position space of two-electron geminal orbitals with Bloch sums. Our geminals have different degeneracy
from one-electron molecular orbitals and are different from the momentum space of BCS free electrons. Based
on Herzberg-Teller expansions, our consideration of the aspect of the Renner-Teller effect for cyclic boundary
crystals~instead of the usual linear molecules! involves first-order vibronic interaction with isotope effects
different from the second-order electron-phonon energy of BCS theory, bipolaron theory, etc. Our consider-
ation of the Jahn-Teller effect with equal-minimum double-well potential leads to the intervalent charge
transfer between two degenerate vibrationally affected electronic structures. Our considerations of different
style vibrations other than the antisymmetric vibration for the nearest neighbor~e.g., displaced oscillator, etc.!
may possibly be related to the case of special chemical structures with special doping and special coherence
length. Our simple structural illustrations of such different vibronic Renner-Teller, Jahn-Teller effects and
intervalent charge transfer~of La22xSrxCuO4 and YBa2Cu3O72x! may promote some possible thoughts of
quantum chemical structures compared and mixed with the physical treatments of special high-Tc supercon-
ductors.@S0163-1829~97!05809-8#
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I. INTRODUCTION

Instead of free electrons for the Cooper pair1 of BCS
theory2 for low-Tc superconductors as well as correlati
effects,3 we emphasize the quantum chemical structural
pects of~two-electron! geminals Eqs.~2! and~3!. Instead of
Peierls’ single solid-state potential distortion, we emphas
positive and negative vibration in spectroscopy’s Jahn-Te
effect4–6 which gives rise to right and left equal~double-
well! potential minima@Eq. ~9!, Figs. 2~c!, 3, 4!#. Instead of
the ~nearest-neighbor! displaced-oscillator interaction in bi
polaron theory7,8 @Eq. ~26!#, we emphasize unique vibration
for doped systems that will have no~simple! antisymmetry
vibration for the movement to nearest neighbors~Fig. 5, Sec.
V!, this is similar to goingbeyondthe conjugate double-bon
charge transfer to the nearest neighboring~single! bond. In-
stead of Van Vleck’s method9 and canonical
transformation9–12 to yield second-orderH ~2! electron-
phonon interaction energy for the~double-well! potential
@Eqs. ~7!, ~10!, and ~12!#, we propose a~first-order! crystal
Renner-Teller~vibronic! effect4 @Eqs. ~14!, ~15!, ~39!, Figs.
2~c! and 3# that will give different isotope effects for differ
ent doping high-Tc superconductors. Instead of thefree-
electron zero momentum space(k2k50) for high-Tc
superconductivity,13 we study position space of the structur
electron/hole pairs withvibronic zero pseudoangular mo
mentum~L2L50! for the cyclic boundary condition ove
the finite crystal structure@Eqs.~3! and~25!#. Aside from the
conductivity principles,14 we study the role of charge
transfer effects.15–18We also propose special states~Sec. III!
for excitons and consider their excited charge transfer
nonantisymmetric vibration@Eq. ~38!, Fig. 5#. Our ap-
550163-1829/97/55~9!/6022~13!/$10.00
s-

e
r

y

proaches differ from other past considerations19–21as well as
recent discussions.22,23

II. LINEAR COMBINATION OF BONDING GEMINALS
AND VIBRONIC MOLECULAR BONDING

GEMINALS „LCBG-MBG …

While the BCS theory2 of Cooper pairs1 uses~opposite!
momentum\k for each free electron,

c~1,2!5•••1akfka~1!f2kb~2!

1ak2qfk2q,a~1!f2k1q,b~2!1••• , ~1!

we consider pseudoangular momentum~L! for the ~two-
electron! bonding geminal of periodic Bloch structures. A
an illustration, consider the hypothetical large linear con
gate bonding molecular structure with cyclic boundary co
dition C2N13H 2N15

1 . The CvC doublep bonding structure
with two-electron geminal may be replaced by the Cu2
structure of high-Tc superconductors. The linear combinatio
of bonding geminals~LCBG! to yield molecular bonding
geminals~MBG! as a Bloch sum of the cyclic boundary co
dition, with L50,1,2, . . . 2N11:

cL~1,2!5
1

A2N12
(
n50

2N11

e2pıLn/~2N12!fn,n11~1,2!

5
1

A2N12
(
n50

2N11

eıknafn,n11~1,2!5ck~1,2!,

~2!
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55 6023QUANTUM STRUCTURAL APPROACH TO HIGH-Tc . . .
where \k52p\L/(2N12)a is the momentum and th
bonding geminal is fn,n11(1,2)51/2[fn(1)fn11(2)
1fn(2)fn11(1)](a1b22b1a2) where aside from thep
orbital f may bes,p,d, . . . atomic electron/hole orbital de
pending on the different cases of superconductor structu
For zero momentum (k2k5k2q2k1q50) to satisfy the
London equation and for vibronic interaction mixing to com
pare with Cooper pairs Eq.~1!, we choose overallL2L50:
of

was

f

nergy
c~1,2!5c0~1,2!1(
L

^cL~1,2!x1~Q2L!u~]H/]Q2L!Q2Luc0~1,2!x
0~Q2L!&

E02EL2\v2L
cL~1,2!x1~Q2L!

c~1234 . . . 2N12!5S 1

~2! !N11~N11!! ~2N12!! D
1/2

(
m51

~2N12!!

dmPmc~1,2!c~3,4!•••c~2N11,2N12!. ~3!

The ~2N12!! permutations ofPm have antisymmetry signsdm . The Pm also contains the permutation movement
~N11! sets of geminals@c(n,n11)#. Because the geminals are similar therefore they need the removal@~N11!!#21/2. ThePm
also contains the double permutation of the two electrons~2!! of ~N11! sets of geminals. Because the double permutation
also done in the geminals, therefore they need the removal@~2!!N11#21/2. In Eq. ~3!, x0 and x1 stand for zero and one
vibrational quantum number of the eigenfunctions, and the vibrational modeQL is taken to be the linear combination o
qn,n115jn2jn11 similar to the linear combination of bonding geminals@Eq. ~2!#. The choice of the bestL among the
summation of allL’s may depend on structures and doping. It will be illustrated in Sec. V. Our second-order vibronic e
is

E~2!5
u^cL~1,2!u~]H/]Q2L!uc0~1,2!&u2u^x1~Q2L!uQ2Lux0~Q2L!&u2

E02EL2\v2L
. ~4!

It may be compared with Davydov’s11 second-order Hamiltonian energy after canonical transformation

Ĥ5e2 iSHeiS5e2 iS~H01H int!e
iS5H01Ĥ2 ,

Ĥ15H int1 i @H0 ,S#50,

Ĥ25
i

2
@H intS2SHint#,

H int5(
kq

@ iD qak2q
1 akaq2 iD q

1ak
1ak2qaq

1#, ~5!

where for one electron,a is the annihilation operator anda1 is the creation operator. The movements ofak andak2q are
shown in Fig. 1. The transformation operator is

S5(
k,q

F Dqak2q
1 akaq

Ek1\vq2Ek2q
2

Dqak
1ak2qaq

1

Ek2q2Ek2\vq
G ~6!

and only^Pqx
0(Qq)uaqa q

1uPqx
0(Qq)&51 butaqaq8, aq

1aq8
1 , anda q

1aq8, etc., yield zero:

^Pqx
0~Qq!uĤ2uPqx

0~Qq!&5^OphononuĤ2uOphonon&

5(
k,q

DqDq
1ak2q

1 akak
1ak2q

1

Ek2q2Ek2\vq
⇒D2(

kq

ak2q
1 akak

1ak2q

Ek2q2Ek2\vq
⇒
q52k

E~2!52
D2

\vq
, ~7!

whereq52k yields zero momentum for one electronk and another electron2k @Fig. 1~a!#. Ek2q2Ek5E2k2Ek50 and
DqD q

1⇒D2. However this case has an approximation of the sameD5^(]H/]Q)Q& for all different k andq instead of
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E~2!5(
k,q

^ck2qx
0~Qq!u~]H/]Qq!Qquckx

1~Qq!&^ckx
1~Qq!u~]H/]Qq!Qquck2qx

0~Qq!&
Ek2q2Ek2\vq

5(
k,q

U K ck2qU ]H

]Qq
UckL U2u^x1~Qq!uQqux0~Qq!&u2

^ck2quak2q
1 akuck&^ckuak

1ak2quck2q&
Ek2q2Ek2\vq

5
q52k

2
u^ckx

1~Qq!u~]H/]Qq!Qquc2kx
0~Qq!&u2

\vq
. ~8!

This is becausêckua k
1ak2quck2q&51 and^ck2qua k2q

1 akuck&51 wherea is the annihilation anda1 is the creation operato
for oneelectron. Our emphasis will be to search for a unique pseudoangular momentum@cL~1,2!'ck~1,2!# of the bonding
geminals interacting with unique vibrational modesQL . We also want to emphasize the Jahn-Teller effect with degene
electronic geminal states~cL ,c2L! leading to double-well potential. The perturbed electronic part is

c6L~12!perturbedx
1~Q7L!

5Fc6L~12!1
^c7L~12!x1~Q62L!u~]H/]Q62L!Q62Luc6L~12!x0~Q62L!

E6L2E7L2\v62L
c7L~12!x1~Q62L!Gx1~Q7L!.

The second-order energy is

E~2!5
u^cL~1,2!u~]H/]Q22L!uc2L~1,2!&u2u^x1~Q22L!uQ22Lux0~Q22L!&u2

E2L2EL2\v22L

5
u^cL~1,2!u~]H/]Q22L!uc2L~1,2!&u2u^1uQ22Lu0&u2

2\v22L

52
u^cL~1,2!u~]H/]Q22L!uc2L~1,2!&u2

2mv22L
2 . ~9!
al
l

g
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FIG. 1. ~a! The electron-phonon interaction states that lead

second-order vibronic interaction energy related to Eq.~7!. ~b! Re-
lated to Eq.~10!.
Our simple illustration for the above will be the gemin
state of cyclicC4H4 @Sec. V, Fig. 2~a!# with degenerate rea
wave functionsc 1

x and c 1
y @Eq. ~29!, Fig. 2~a!# under the

vibration of n(Qx22y2) @Fig. 2~c!#. This is because
u^1uQu0&u251/2B5\/2mv. Such a second-order lowerin
energy is the vibronic binding energy related to the gap
superconductivity from bipolaron theory.7 Our Jahn-Teller
result may be reached by Davydov’s case@Eq. ~7!# with
q52k similar to our Q62L and Ek2q2Ek5E2k2Ek
50. It also may be compared with the nondegener
second-order energy operator for the Cooper p
@Eq. ~1!# in Kittel’s book10 with canonical trans-
formation H̄5e2SHeS5H011/2[H8,S]5H01H9 where
H85 iD(kqa k1q

1 ak(aq2a2q
1 ), and

S5(
k,q

F iD qak1q
1 akaq

Ek1\vq2Ek1q
2

iD qak2q
1 akaq

1

Ek2Ek2q2\vq
G .

When we setk852k and also setq52k, similar to our
Q62L,

H95D2(
q

(
kk8

\vq

~Ek2Ek2q!
22~\vq!

2 ak81q
1 ak8ak2q

1 ak

5
q52k D2

2\v2k
ak

1a2ka2k
1 ak⇒2

D2

\v2k
5E~2!. ~10!

Both Eqs.~7! and ~10! are illustrated by Fig. 1. Both solid
state equations~7! and~10! are limited second-order vibroni
energy with zero isotope effect~for a50 in m2a without
massm! because Eq.~9! shows thatv5Af /m and

o
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FIG. 2. ~a!, ~b! Comparison of the degeneracy of two-electron geminal state~linear combination of bonding geminals-molecular gemin
LCBG-MG! and one-electron LCAO-MO state. If there are four electrons in LCAO-MO, the degenerate states that can compare
geminal states are (a2uegxz

2 egyz,a2uegxzegyz
2 ) or ~a 2u

2 egxzb1u, a 2u
2 egyzb1u!, but (a 2u

2 eg
2) has no degeneracy in LCAO-MO.~c! The Jahn-

Teller effect of the degenerateelectronic geminal state~C1
x, C1

y! and electronic LCAO-MO state (egxz,egyz) and their extension to
second-order vibronic energy and double-well potential. Also the comparison with the related vibrational effect on the degenerate e
vibrational ~Renner-Teller vibronic! state~C 1

xQx , C 1
yQy! or ~C1Q21, C21Q1! @see Eq.~14!#.
ith
^D&5 K cLx1~Q!U ]H

]Q
QUc2Lx~0!~Q!L

5 K cLU ]H

]Q Uc2LL S \

2mv D 1/2 ~11!

and
E~2!52
D2

\v
52

u^cLu]H/]Quc2L&u2

2mv2 5

2
u^cLu]H/]Quc2L&u2

2 f
'm205m2a. ~12!

We propose from Eq.~3! the possibility of first-order energy
similar to the Renner-Teller effect of linear molecules w
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cylindrical electronic states~e.g., p-electronic state with
L561 and bending vibration, e.g.,Qx6 iQy5Q61!. The
linear molecules haven~S6! andn~P6! vibrations ofL561
only, although they have electronic states of arbitra
L5S,P,D,F . . . etc. Their advanced vibrational angul
momentuml56n72S depends only on the distribution o
the total number of quanta (n) into 6L561 ~with n2S!
and7L571 ~with S!. But our Renner-Teller effect of cyclic
boundary crystals will haven~L! vibrations with many pos-
sibleL’s other than 0 and61 and with possible electroni
geminal states withL up to the geminal size~say 2N12! of
the crystal,L50,1,2, . . . ~2N11!.

Instead of the equation related to Pople a
Longuet-Higgins,24

DE~1!5^cp1x1~Q21!u f r 2 cos 2~fe2fv!ucp2x1~Q11!&,
~13!

wherefe and fv are the azimuths of electrons and vibr
tions. We propose the first-order energy ofE5Haa
6Hab5E06DE(1) which stands for degeneracy ofvibronic
states (not pure degeneracy of electronic states only). The
choice of such vibronic states with a specialL can depend on
the Fermi level or doping structure.

DE~1!5
1

2 K cL~1,2!x1~Q2L!

3U ]2H

]Q2L
2 Q2L

2 Uc2L~1,2!x1~QL!L . ~14!

Our simple illustration~Sec. V! will be cyclic crystal C4H4
with degenerate real vibronic wave functionsc 1

xux andc 1
yuy
i
d

e
lik
y

@Fig. 2~b!# under the perturbation Hamiltonian o
~1/2!(]2H/]ux]uy)uxuy . This is because the cyclic bound
ary condition of a linear infinite crystal will also have a c
lindrical electronic running-wave state with pseudoangu
momentumL in cL as well as cylindric vibrational state
also with pseudoangular momentumL in QL . It has a dif-
ferent isotope effect~m2a! from second order, for example

^1uQ2u1&5^1uQu0&^0uQu1&1^1uQu2&^2uQu1&5
1

2b
1

2

2b

5
3

2b
5

3\

2mv
5

3\

2Amf
'm21/25m2a; a5

1

2
.

~15!

Our use of the higher-power perturbation Hamiltoni
~1/2!(]2H/]Q2)Q2 is part of the Herzberg-Teller expansio
for vibronic interaction:

H5H01(
q

]H

]Qq
Qq1

1

2! (q (
q8

]2H

]Qq]Qq8
QqQq8

1
1

3! (q (
q8

(
q9

]3H

]Qq]Qq8]Qq9
QqQq8Qq91••• .

~16!

This higher-power approach is not considered by the qu
tum approach25 of electron (r )-phonon (Qq) interaction for
atomic displacement~jl! from fixed local lattice positionl
H85(
kk8

^kuV~r2 l2j l !uk8&Ck
1Ck85(

kk8
S E dre2 ik•r

1

AN (
q

eiq•~r2 l2j l !Vqe
ik8•r DCk

1Ck8

5(
kk8

ei ~k82k!•~ l1j l !Vk82kCk
1Ck85(

kk8
Fei ~k82k!• l1 i ~k82k!

1

AN (
q

ei ~k82k!• leiqlQqGVk8kCk
1Ck8 . ~17!
f
ial

est-

d
he

d-

s

This is becauseq5k2k8 in the integration overdr and be-
cause of thelimited expansion

ei ~k82k!j l511 i ~k82k!j l1•••

511 i ~k82k!
1

AN (
q

eiq• lQq1••• , ~18!

which yields a first-order electron-phonon perturbation sim
lar only to (]H/]Q)Q of the Herzberg-Teller expansion an
similar to Davydov’sH int @Eq. ~7!# and Kittel’s H8 @Eq.
~10!#. This expansion upon canonical transformation giv
only second-order electron-phonon interaction energy
-

s
e

Eqs. ~7! and ~10!. We consider the relative importance o
first-order vs second-order vibronic interaction for spec
electronic geminal states and special vibrational modes~e.g.,
nearest-neighbor antisymmetric mode vs next-to-near
neighbor modes! for different high-Tc superconductors with
different dopings. As a simplified illustration of our propose
Renner-Teller effect for cyclic linear crystals, consider t
case of cyclic C4H4 geminal states with fourp electrons 4e2

~linear combination of bonding geminals to molecular bon
ing geminals LCBG-MBG!. It is not the linear combination
of atomic orbitals-molecular orbitals~LCAO-MO! state
@consider 4e2 instead of 3e2 in Fig. 2~a!# which has no such
degenerate vibronic interaction becauseeach electron has a
symmetry state. Therefore, aside froma2u(1)a2u(2), the re-
maining two electrons in (Ex ,Ey) yield nondegenerate state
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of A1g[Ex(3)Ex(4)1Ey(3)Ey(4)], A2g[Ex(3)Ey(4)
2Ey(3)Ex(4)], B2g[Ex(3)Ey(4)1Ey(3)Ex(4)], and
B1g[Ex(3)Ex(4)2Ey(3)Ey(4)]. Forgeminal states~LCBG-
MBG!, there must betwo electronsto have asymmetry state.
Therefore, aside froma2u~12!, there will be degeneracy o
Ex~3,4! andEy~3,4! or E1~3,4! andE21~3,4!. It is similar to
C4H4

1 with threep electrons in LCAO-MO and with degen
eracy ofEx~3! andEy~3!. The double-well potential and th
first- and second-order vibronic interactions are shown
Fig. 2, whereQ21

2 5(Qx
22Qy

2)2 i (QxQy1QyQx) leads to a
similar first power interaction.

III. SPECIAL EXCITON THEORY OF RUNNING WAVES
OF PAIRED-ELECTRON PRODUCTS
WITH THE VIBRONIC INTERACTION

The quantum theory of solids10 deals with the approxima
tion of the product of ‘‘pair’’ free electrons in different mo-
mentak,10

f0~1234 . . .!5)
k

~Uk1Vkak
1a2k

1 !uvac&, ~19!

whereUk and Vk are constant coefficients for the spec
electron pairs. But we would rather use chemical struct
bases to determine these electron-pair coefficients. We
phasize the product of structural geminal electrons reac
with appropriate vibrational modes. As an illustration co
sider the hypotheticalC2N13H 2N15

2 with (2N14)e2 and
with the cyclic boundary condition. The special statefs* we
propose is comparable to excitons.26 But it may stand for
specially doped orbitals in high-Tc superconductors. For th
case of nearest-neighbor conjugate bonds

cL~1234 . . . 2N14!5AS 1

2N13D
1/2

(
s50

2N12

e2p iLs /~2N13!cs* ,
~20!

cs*5fs* )
n50,2,4,...

s23

fn,n11 )
m5s12,s14,...

2N11

fm,m11 ; s5odd,

~21!

cs*5fs* )
n51,3,5,...

s23

fn,n11 )
m5s12,s14,...

2N12

fm,m11 ; s5even,

~22!

fs*5
1

2A4! (
m51

4!

dmPmfs21~ i !fs~ j !fs* ~k!fs11~ l !

3~a ib jakb l1b ia jbka l2a ib jbka l2b ia jakb l !,

~23!

A5S 1

4!~2! !2N/2~2N14!! D
1/2

(
m51

~2N14!!

dmPm , ~24!

whereA stands for antisymmetrization, anddm stands for the
even or odd factor of the permutationPm .

It contains the double permutation of two electrons 2!
~2N/2! geminals. Therefore it needs the remov
@~2!!2N/2#21/2. It also contains the double permutation of t
n

l
e
m-
g
-

f
l

special statefs* with four electrons. Therefore it needs the
removal ~4!!21/2. For zero momentum and double-well po
tential due to Jahn-Teller vibronic interaction betweencL

andc2L we also consider states similar to Eq.~3!

c~1234 . . . 2N14!

5c0~1234 . . . 2N14!

1(
L

^cLx1~Q2L!u~]H/]Q2L!Q2Luc0x
0~Q2L!&

E02EL2\v2L

3cL~1234 . . . 2N14!x1~Q2L!. ~25!

There can also be a Renner-Teller effect betwe
cL(1234 . . . 2N14)x1(Q2L) and c2L(1234 . . . 2N
14)x1(QL). This Jahn-Teller effect case is illustrated in
Fig. 3. It is a special case for nearest-neighbor conjuga
bonds. Therefore it makes use of nearest-neighbor antisy
metric vibrations. Different high-Tc structures with different
electron/hole pair distributions will require different vibra
tions for double-well potential and tunneling motion~be-
tween the two double-well potential bases!.

IV. APPLICATION TO HIGH- Tc COPPER OXIDE
SUPERCONDUCTORS

We have been emphasizing the alternate conjugate ge
nal structures and the double charge transfer movement
der the effect of antisymmetric vibrations with double-we
potential. We propose that the superconducting gemin
similar to Cooper pairs exist at the bottom of the double-we
potential minima. But, at the top of the double-well potentia
barrier where the vibration (Q) is zero, the extension/
contraction of superconducting geminals, and the boson st

FIG. 3. Start with five atoms~0,1,2,3,452N13! and sixp elec-
trons~1,2,3,4,5,652N14! @Eqs.~20!–~23!#. The~nearest-neighbor!
antisymmetric vibration~top! causes double-well potential of the
degenerate special states under the Jahn-Teller effect. The o
vibration ~bottom! may also have Jahn-Teller~and Peierls!
distortion. There can also be Renner-Teller effect fo
CL (1,2,3,4 . . . 2N14)x1(Q2L) and C2L (1,2,3,4 . . . 2N
14)x1(QL). The relative importance of the different vibration, dif-
ferent special bonding and different Renner-Teller effect depend
the details of chemical structure. Such a difference will also yield
different double-well potential barrier related to the supercondu
tivity energy gapDE.
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of antibonding/bonding of holes/electrons no longer exis
Therefore we consider the double-well potential barrier to
the superconducting gap. Our second-order energy@Eqs.~9!,
~12!# of the Jahn-Teller effect is comparable with the ene
gap of the bipolaron theory for high-Tc superconducting7

which deals with the action of displaced nearest-neighbo
oscillators, e.g., the first-order vibronic interaction is simi
to27

H85(
L

(
l

S gl12dl cos
2pL

N D S \

2mvl
D 1/2

3~al1al
1!bL

1bL , ~26!

where gl5^fnu]H/]Qlufn&, dl5^fn61u]H/]Qlufn&,
bL

15aLa
1 aLb

1 , andbL5aLbaLa . It is related to

^H8&5(
L

(
l

K CLx1~Ql!U ]H

]Ql
VlUCLx0~Ql!L ,

CL5
1

AN (
n50

N21

e2p iLn/Nfn5
1

AN (
n50

N21

eiknafn , ~27!

^x1~Ql!uQlux0~Ql!&5
1

A2b
5S \

2mvl
D 1/2.

In H5H01H8, upon canonical transformation27 it yields
only the second-order Hamiltonian and energy as follo
which is comparable with Eqs.~7! and ~10!. It is related to

E~2!⇒ u^D&u2

En612En2\vl

5
u^~]H/]Ql!Ql&u2

En612En2\vl
, En612En50,

H ~2!52(
L

(
l

Dl
2bL

1bL

\vl
, ~28!

^H ~2!&52
D2

\vl
52(

l

u^]H/]Ql&u2

2mvl
2

52(
l

^]H/]Ql&2

2 f
'm205m2a; a50.

Therefore it has zero isotope effect also.
We have gone beyond the second order and study

Renner-Tellerfirst-order effect. Furthermore we also want t
demonstrate the alternative conjugation of geminal bond
antibonding in high-Tc superconductors in comparison wi
low-Tc superconductors. There have been recent studies

28–31

of isotope effects and transitions of La2CuO4. As an example
consider the special doping of the~La1.875Sr0.125CuO4!2 unit
cell which we multiply by four to extend to a quadruple un
cell La15SrCu8O32. For neutrality we could either illustrate
as the change from Cu8

12 to Cu7
12Cu13 or from O32

22 to
O31

22O2. The truth, of course, is the local CuO2 electron or-
bital distribution. But for simple illustration we consider th
O2 hole eitherequally distributedamong all quadruple uni
cells similar to the delocalized equally distributedp-bonding
.
e

y

g
r

,

he

g/

electrons under no vibration Cu̇Cu̇Cu̇Cu̇C, or un-
equally distributedwith geminal holes on one quadruple un
cell and not on neighboring quadruple unit cell similar to t
conjugate bonding CvC—CvC—C, ~Fig. 4!. With short-
long bonds due to vibrational contractions/extensions, s
geminal structures can be applied to the linear combina
of bonding/antibonding geminal theory~of Sec. II! and the
special exciton theory~of Sec. III!. The emphasis will be to
investigate our proposed first-order Renner-Teller effect
sides the second-order effect of BCS theory and bipola
theory, etc., which a special situation under doping will ha
more mixing of first- and second-order energy, remains to
investigated. In addition, the location of the doper Sr in o
quadruple unit cell must also be related to the short-lo
bondings of electron/hole geminals in CuO2. With emphasis
on the chemical spectroscopy of the Renner-Teller and Ja
Teller effect and on chemical structures, we can also c
sider different vibrations for different electron/hole gemina
and dopers. As an example CvC—CvC—C uses vibration
←CC→←CC→←C for double-well potential transfer to
C—CvC—CvC. But CvCvC—CvC may use a differ-
ent ←CCC→C←C vibration to yield CvC—CvCvC.
Such a difference will be related to conductivity, energy g
and isotope effects, etc. The case of YBa2Cu3O72x will also
be compared in the next section. Our approach has s
aspects different from other works.32–36

V. SIMPLIFIED ILLUSTRATIONS OF CHEMICAL
STRUCTURAL AND CHARGE-TRANSFER APPROACH

For the linear combination of bondingp geminalsof the
hypotheticalC2N13H 2N15

1 @Eq. ~2!# with N51, the case is
C5H 7

1 with major structureC(0)2C(1)2C(2)2C(3)2C(4).
With the cyclic boundary condition thenC~4! is equal toC~0!

and the case is similar to the cyclicC4H4 with D4h symme-
try and with four bonds where thep geminal~say electrons
No. 1 and No. 2! can lie in~Fig. 2!, i.e., LCBG-MBG of the
two-electron geminal case defined in Eq.~2! plus the vibra-
tional modeQL :

cL~12!5
1

A4 (
n50

3

e2pıLn/4fn,n11~12!,

QL5
1

A4 (
n50

3

e2pıLn/4qn,n11 ,

c1
x~12!5

1

&
@c1~12!1c21~12!#5

1

&
@f01~12!

2f23~12!#, ~29!

c1
y~12!5

1

i&
@c1~12!2c21~12!#5

1

&
@f12~12!

2f30~12!#. ~30!

These are similar to four sets of quadruple CuO2cells

with alternating double O2 holes@Fig. 4~a!# between differ-
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FIG. 4. ~a! Start with~La2CuO4!234. The illustration of a doped quadruple unit cell~La1.875Sr0.125CuO4!2345La15
13Sr12Cu8

12
8O31

5O2 with
one O2 ~131/25half on the top~CuO2!4 layer and 131/25half on the bottom layer!. When every quadruple unit has the same numbe

O2, this is comparable with theC—
•

C—
•

C—
•

C—
•

C with equal distribution of the delocalized~single! p electron. Illustration of four top
layers of~CuO2!4 of 4~La2CuO4!234 with alternating zero O

2 and two O2 @231/25one on the top~CuO2!4 layer shown, 231/25one on the
bottom ~CuO2!4 layer not shown#. Such alternation 2O252O231/212O231/2 with two sets are comparable with the case
C—CvC—CvC with alternating conjugate~two! p-electron bonding.~b! Simplified illustration of the antisymmetric vibrational Jah
Teller effect with intervalent charge transfer of degenerate alternating conjugate double-electron bonding structures. The do
potential barrierDEc is considered to be related to the energy gap for the superconducting double-electron pairs CvC—CvC—C being

raised and disintegrated intoC—
•

C—
•

C—
•

C—
•

C.
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ent cells, e.g.,c 1
x5 andc 1

y5 .
They are affected by the antisymmetric vibrationQ2←0
1→←2 3→←4 for the Jahn-Teller effect~Fig. 4!. It is simi-
lar to intervalent charge transfer.

For D4h symmetry the molecular bondingp-geminal
statesc0 is a2u, c61 is (egxz,egyz) or expressed as (Ex ,Ey),
andc2 ~identical asc22! is b2u(x

22y2)z. For the~planar!
vibrational statesQ0 is a1g,Q61 is (eux ,euy), andQ2 ~iden-
el
t

he
re

al

t

o
si
tical toQ22! is b1g(x
22y2) @or b2g(xy)#. We may consider

only the high levelc11 or c21 ~compare with the Fermi leve
of one-electronLCAO-MO! of two electrons@No. 3 and No.
4 aside from the lowest level with two electrons No. 1 a
No. 2a2u~1,2!#. The Jahn-Teller vibronic perturbation

4–6,37,38

leading to double-well potential of the degeneratec1~3,4!
and c21~3,4! high electronic levels with zero vibronic
pseudoangular momentum is as follows:
t

ave
c61~34!pertubedx
1~Q71!5S c61~34!x

0~Q62!

1
^c71~34!x

1~Q62!u~]H/]Q62!Q62uc61~34!x
0~Q62!&

E612E712\v62
c71~34!x

1~Q62! Dx1~Q71!. ~31!

This perturbation is similar to the splitting in Fig. 2 ofc 1
x andc 1

y by Qx22y2. If there is astructural alternativeJahn-Teller
mixing by adifferent (higher power, with two vibrational quanta) vibrationit will give a second-order energy of a differen
isotope effect:

c61~34!x
0~Q61!1

1

2

^c61~34!x
2~Q61!u~]2H/]Q61

2 !Q61
2 uc61~34!x

0~Q61!&
E612E7122\v61

c71~34!x
2~Q61!

E~2!52
u^]2H/]Q61

2 &u2u^2uQ61
2 u0&u2

4\v61
52

u^]2H/]Q61
2 &u2\

8m2v61
3 '2

1

Am
⇒m21/25m2a; a5

1

2
,

^2uQ2u0&5^2uQu1&^1uQu0&5A 2

2b
A 1

2b
5
&\

2mv
. ~32!

There is also the Renner-Teller vibronic interaction@Eqs.~14! and ~15!# which has isotope effect similar to the above.

DE~1!5
1

2 K c11~34!x
1~Q21!U ]2H

]Q21
2 Q21

2 Uc21~34!x
1~Q1!L .

This is the case of the vibronic interaction of mainly two electrons~No. 3 and No. 4! without the other two electrons~No. 1
and No. 2!. But, for the low-energy quasiparticle boson state with zero vibronic pseudoangular momentum, we will h

c~12!5c0~12!1
^c61~12!x

1~Q71!u~]H/]Q71!Q71uc0~12!x
0~Q71!&

E02E612\v71
c61~12!pertubedx

1~Q71!

1
^c2~12!x

1~Q22!u~]H/]Q22!Q22uc0~12!x
0~Q22!&

E02E22\v22
c2~12!x

1~Q22!. ~33!
ts
ns
ng
tur-
It will have similar vibronic interactions as the upper lev
case of electrons No. 3 and No. 4. But the unique case of
nondegeneratec2~12!x

1~Q22! at theendof the top may be
related to the unique doping structure’s limit value of t
cyclic boundary condition. If the boundary is large, the
may be other values ofL@1 and thec6L~12!x1~Q7L!
is related to an interaction with a different vibration
mode such asQ6L

2 . Also ^c6L(12)x
1(Q62L)u(]H/

]Q62L)Q62Luc7L(12)x
0(Q62L)& has a Jahn-Teller effec

for Q62L beyondQ62. By putting all electrons in thesame
quasiparticle boson state of vibronic linear combination
geminals, there should be no electronic and vibrational re
tance of high-Tc superconductivity:
he

f
s-

c~1234!5S 1

~2! !22!4! D
1/2

(
m51

4!

dmPmc~12!c~34!

5S 13D
1/2

@c~12!c~34!2c~13!c~24!

2c~14!c~32!#. ~34!

This will have Jahn-Teller and Renner-Teller vibronic effec
on all ~four! electrons. Our detailed chemical consideratio
of the first- and second-order vibronic interaction of runni
waves are different from the recent treatment by the per
bation Hamiltonian of Kresin and co-workers33,39
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HT5g1(
i j

a i
1a j~ai

11ai !1g2(
i j

a i
1a j~ai

11ai !
2,

~35!

which deals with the creation~a1! and annihilation~a! of
localized single electrons as well as the creation~a1! and
annihilation (a) of local movements of atoms. Our first
second-order chemical considerations are also different f
the bipolaron7 theory’s second-order energy and Davydov
bisoliton theory,40 Anderson’s41 resonating valence bon
theory, high-Tc superconductivity,

42,43 and also Su, Schrief
fer, and Heeger’s soliton of polyacetylene44 as well as other
considerations.45–47 Instead of the product of two-electro
quasiparticle bosons@Eq. ~34!#, an alternative way to arrive
at the whole set of electrons is our Bloch sum running wa
of products of conjugate bonds and the specialfs* @Eq. ~20!,
Sec. III# related to excitons.48

As a simplified illustration of Sec. III, consider the hyp
thetical case of C9H 11

2 with ten p electrons,
C(0)uC(1)uC(2)uC(3)•••C(7)uC(8). With the cyclic
boundary condition theC~8! is identical toC~0! and the case is
similar to cyclic C8H 8

5. It is different from theC5H 5
2

simple case.49 Our cyclic structure has emphasis aside fro
the local Jahn-Teller effect withD4h structure50 and aside
from other ~local! unit-cell vibronic interactions.51,52 There
are eight bonding positions for the placement of one exc
specialfs* with four p electrons@Eq. ~23!# and for the ad-
ditional placement of three morep-bonding pairsfi j @Eq.
~21! and ~22!#, e.g.,c185f1*f34f56f70 with a structure like
C0vC1*vC2uC3vC4uC5vC6uC7vC0. The linear
combination of the special structures~and of vibrationsq! as
running waves are as follows:

cL~1234 . . . 9,10!5S 1

4!~2! !310!D
1/2

(
m51

10!

3dmPmS 18D
1/2

(
s50

7

e2p iLs/8cs*

5AS 18D
1/2

(
s50

7

e2p iLs/8cs* ,

~36!

QL5
1

A8 (
n50

7

e2p iLn/8qn,n11 .

Because of the small cyclic structure, for the unique a
different structures of eachcs* we choose to use a differen
example from before and let

cs*5fs*fs12,s13fs14,s15fs16,s17.

When s1m58,9,10,11,12,13,14,15 they are the same
0,1,2,3,4,5,6,7. The antisymmetric special linear combi
tions as well as the antisymmetric vibration are forL54.
With antisymmetric vibration (QL5Q4), the degenerate
special state for the Jahn-Teller effect isc62~1234 . . .,9,10!.
Such a case of antisymmetric vibration has been illustra
for LCBG-MBG of C4H4 related to the charge-transfer53

movement of the~La1.875Sr0.125CuO4!234. We will consider a
different, not antisymmetric vibration~not L54 butL562
for C8H 8

5! reacting with a different degenerate electron
m

e

d

d

s
-

d

partc61~1234 . . .9,10! for the Jahn-Teller effect. Such dif
ferent considerations will be related to different doping a
different high-Tc structures.54–57 It will be related to the
charge-transfer movement of a hypothetical quadruple ce
the doped ~YBa2Cu3O720.25!4, i.e., Y4

13Ba8
12Cu12

12O25
5O2

2

with two oxygen holes O2 or two Cu13 in
Y4

13Ba8
12Cu10

12Cu2
13O27

5 . The real degenerate special wa
functions we will consider are~cL5c6!

1

&
~c11c21!~1234 . . . 9,10!5A

1

2 Fc0*1
1

&
c1*2

1

&
c3*

2c4*2
1

&
c5*1

1

&
c7* G ,

1

i&
~c12c21!~1234 . . . 9,10!5A

1

2 F 1
&

c1*1c2*

1
1

&
c3*2

1

&
c5*2c6*2

1

&
c7* G . ~37!

The addition of the special structures is illustrated in t
cyclic C8H 8

5 with multiple positive~1! and negative~2!
probability amplitudes in Fig. 5. The real vibrational state w
consider for the Jahn-Teller effect of the above
1/i&(Q22Q22).

1

i&
~Q22Q22!5

1

2
@q122q341q562q70#,

~38!
1

&
~Q21Q22!5

1

2
@q012q231q452q67#.

The vibration of 2(1/i&)(Q22Q22) is ←0 ←1 2→
3→←4←5 6→7→←0. It will also have a Jahn-Teller effec
on the special~cyclic! structures@of the linear chains of qua
druple cells 43~Y4

13Ba8
12Cu12

12O25
5O2

2!# with oxygen O2

holes (h) or 43~Y4
13Ba8

12Cu10
12Cu2

13O27
5 # with copper

@bonding ~Cuh!#. In Fig. 5 we consider only four
Cuh ~of Cu13! inside the eight coppers with
vibration changes the cyclic structure~Cu0 is
the same as Cu8! which resembles 1/i&~c12c21!,
Cu0OCu1

h—Cu2
hOCu3—Cu4OCu5

h—Cu6
hOCu7—Cu0 into

another cyclic structure which resembles 1/&~c11c21!,
Cu0

hOCu1—Cu2OCu3
h—Cu4

hOCu5—Cu6OCu7
h—Cu0

h. Aside
from the Jahn-Teller effect, there should also be more~first-
order! Renner-Teller effects than theC4H4 case57 as the
LCBG-MBG of Sec. II @Eq. ~14!#. Namely, aside from the
c61x

1~Q71! Renner-Teller effect there is also the Renn
Teller effect of

1

2 K c2~1234 . . . 9,10!x
1~Q22!

3U ]2H

]Q22
2 Q22

2 Uc22~1234 . . . 9,10!x
1~Q2!L . ~39!

There could also be the importance of the structural diff
ence to be compared with high-Tc superconductivity
properties.58–65 The extra loss of oxygens in Fig. 5~a! may
have been transferred from the neighbor or may have co
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FIG. 5. ~a! Illustration of a~square! quadrupole unit cell~YBa2Cu3O7!232 alongx(a) andy(b) axes.~b! The hypothetical CuO2 linear
chain with eight Cu along at the middle center and front line ofy(b) out of the four doped cells, 4~YBa2Cu3O720.25!232, of ~a!. We consider
all of the four@43~20.25!3232# lost oxygens, each lost oxygen is inside the two coppers: Cu-Cu in the front line ofy(b). Besides the eight
oxygen O2 holes of Y16

13Ba32
12Cu48

12O100
5 O8

2, we consider the alternative eight copper Cu13 bonding ~stand as Cuh! of
Y16

13Ba32
12Cu40

12Cu8
13O108

5 . Part of the four Cuh, because of the high positive Cu13 situation, would like to be away in the back line ofy(b)
to interact with the true oxygen O5 with more negatives than O2. We consider only the other four Cuh to interact with two of the loss of
oxygens, e.g., Cuh-Cuh and another Cuh-Cuh. We also consider the need of vibrations to move the positive Cuh away from the loss oxygen
with zero negative. The eight copper~4 Cuh14Cu! are labeled as 0,1,2 . . . 7 ~with the showing of an additional zero 0 as the eight num
of the cyclic case instead of the linear situation!: Cu0OCu1

h
uCu2

hOCu3uCu4OCu5
h2Cu6

hOCu7uCu0 . The multiple1 and2 signs stand for
the relative real probability amplitudes of the special geminal electron pairs, Eq.~37!. The vibration (QL5Q62) for the Jahn-teller
perturbation to yield double-well potential is shown by arrows→. It causes the movement from one degenerate state~1/i&!~C12C21! to
another degenerate state~1/&!~C11C21! @Eq. ~37!# as shown in~c!. ~c! The cyclic structure of eight coppers with the Jahn-Teller eff
of two degenerate states under the vibration~1/i&!~Q22Q22).
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from a different doping~YBa2Cu3O720.5!4. The Cu-Cubond
picture is to illustrate the vacuum due to the loss of oxyg
in between the two coppers. For eight Cu’s, if we consi
hypothetically 16 Cu-O and lengths, the total length is
31.9530.4 Å which happens to be not too far from th
coherence lengths.

ACKNOWLEDGMENTS

The author appreciates the comments made at pres
tions, especially by Professor Ernest R. Davidson, Profe
Jon T. Hougen, Professor Conhao Deng, and Profe
Sheng-Hsien Lin. Thanks are also due for discussions
y-
6

s

cz

,

lu
n
r
6

ta-
or
or
nd

encouragement by research group members Dr. Pancr
Palting, Professor Liang You Zheng, Dr. Ricardo Leteli
Dr. Manzheng Fu, Dr. Shan-Tao Lai, Dr. Yaxiong Yu, D
Aristophanos Metropoulos, and Dr. Samuel H. Brown. T
computer typing of mathematical formulas by Dr. S.-T. L
and computer drawing of some figures by Dr. Yaxiong Y
are especially appreciated. The financial assistance of
research group by the Chiu Feng-Chia Research Fund an
the Chiu Nien-Tai/Liang Yun-Dan Fund with donations b
Feng-Chia University, by Dr. Charles Chiu-Hsiong Huan
Ti-Hwa Chiu Wang, Dr. Robert Fai Po Tsui, and Dr. Fre
erick E. Wang are gratefully acknowledged.
.

-

d.

es,

s,

.

n,

.

1L. N. Cooper, Phys. Rev.104, 1189~1956!.
2J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.106,
162 ~1957!; 108, 1175~1957!.

3G. M. Eiashberg, J. Supercond.7, 525 ~1944!.
4G. Herzberg,Electronic Spectra and Electronic Structure of Pol
atomic Molecules~Van Nostrand, Princeton, New Jersey, 196!;
C. F. Chang and Y. N. Chiu, J. Chem. Phys.53, 2186~1970!.

5R. M. Hochstrasser,Molecular Aspects of Symmetry~Benjamin,
New York, 1966!; Y. N. Chiu, Can. J. Phys.64, 782 ~1986!.

6I. B. Bersuker,The Jahn-Teller Effect and Vibronic Interaction
in Modern Chemistry~Plenum, New York, 1984!; Y. N. Chiu,
Phys. Rev. A32, 2257~1985!.

7A. S. Alexandrov and J. Ranninger, Phys. Rev. B23, 1796
~1981!; A. S. Alexandrov, J. Ranninger and S. Roboszkiewi
ibid. 33, 4526~1986!; A. S. Alexandrov,ibid. 38, 925 ~1988!.

8A. S. Alexandrov and N. F. Mott, J. Supercond.7, 599 ~1944!.
9J. H. Van Vleck, Phys. Rev.33, 467 ~1929!; E. C. Kembel,The
Fundamental Principles of Quantum Mechanics~Dover, New
York, 1937!, pp. 391–396.

10C. Kittel, Quantum Theory of Solids~Wiley, New York, 1963!,
pp. 150–178.

11A. S. Davydov, Quantum Mechanics~translated by D. ter Haar
Pergamon, Oxford, 1965!, pp. 632–637.

12George C. Schatz and Mark A. Ratner,Quantum Mechanics in
Chemistry~Prentice Hall, New Jersey, 1993!.

13J. G. Bednorz and K. A. Mueller, Z. Phys. B64, 189 ~1986!.
14M. Tinkham, Introduction to Superconductivity~Krieger, Mala-

bar, FL, 1975!.
15N. S. Hush, Prog. Inorg. Chem.8, 391~1967!; Y. N. Chiu and F.

E. Wang, Inorg. Chem.21, 4246~1982!.
16H. Taube,Electron Transfer Reactions of Complex Ions in So

tion ~Academic, New York, 1970!.
17R. P. Bell,The Tunnel Effect in Chemistry~Chapman and Hall,

London, 1980!.
18R. A. Marcus and N. Sutin, Biochim. Biophys. Acta811, 265

~1985!.
19B. G. Levi, Phys. Today46 ~No. 5!, 17 ~1993!.
20S. Chakravarty, Science266, 386 ~1994!.
21D. Clery, Science265, 860 ~1994!.
22D. L. Cox and M. B. Maple, Phys. Today48 ~No. 2!, 32 ~1995!.
23J. K. Burdett, Acc. Chem. Res.28, 227 ~1995!.
24J. A. Pople and H. C. Longuet-Higgins, Mol. Phys.1, 372~1958!.
25Philip L. Taylor,A Quantum Approach to the Solid State~Pren-

tice Hall, NJ, 1970!, pp. 176ff.
,

-

26D. P. Craig and S. A. Walmsley,Excitons in Molecular Crystals
~Benjamin, New York, 1968!; Y. N. Chiu, Phys. Rev. A20, 32
~1979!; Y. N. Chiu, A. V. Kenney, and S. H. Brown, J. Chem
Phys.73, 1422~1980!.

27G. D. Mahon,Many Particle Physics~Plenum, New York, 1981!.
28M. K. Crawford, W. E. Farneth, E. M. McCarron III, R. L. Har

low, and A. H. Moudden, Science250, 1390~1990!.
29T. Tsang, Solid State Commun.74, 1287~1990!.
30M. Apostol, L. Vasiliu-Doloc, and A. H. Moudden, J. Supercon

5, 137 ~1992!.
31J. P. Franck, S. Harker, and J. H. Brewer, Phys. Rev. Lett.71, 283

~1993!.
32T. Tsang, Solid State Commun.76, 1205~1990!.
33V. Z. Kresin and S. A. Wolf, Phys. Rev. B49, 3652~1994!.
34H. A. Blackstead and J. D. Dow, JETP Lett.59, 283 ~1994!.
35J. P. Franck and D. D. Lawrie, J. Supercond.8, 591 ~1995!.
36J. R. Kirtley, C. C. Tsuei, J. Z. Sun, C. C. Chi, L. S. Yu-Jahn

A. Gupta, M. Rupp, and M. B. Ketchen, Nature~London! 373,
225 ~1995!.

37Y. N. Chiu, J. Phys. Chem.88, 5820 ~1984!; Y. N. Chiu, B.
Friedrich, W. Maring, G. Niedner, M. Noll, and J. P. Toennie
ibid. 88, 6814~1988!.

38Y. N. Chiu, J. Chem. Phys.64, 2997~1976!; 92, 4352~1988!.
39V. Z. Kresin, H. Morawitz, and S. A. Wolf,Mechanisms of Con-

ventional and High Tc Superconductivity~Oxford University
Press, New York, 1993!, p. 39; V. Z. Kresin and S. A. Wolf, J.
Supercond.7, 531 ~1994!; W. W. Fuller-Mora, S. A. Wolf, and
V. Z. Kresin, ibid. 7, 543 ~1994!.

40A. S. Davydov, Phys. Status Solidi B146, 619~1988!; Phys. Rep.
190, 191 ~1990!; A. S. Davydov and V. N. Ermakov, Phys
Status Solidi B148, 305 ~1988!.

41P. W. Anderson, Science235, 1196~1987!; P. W. Anderson, G.
Baskaran, Z. Zou, and T. Hsu, Phys. Rev. Lett.38, 2790~1987!.

42P. W. Anderson, Int. J. Mod. Phys. B4, 181 ~1990!.
43P. W. Anderson, Science256, 1526~1992!.
44W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. Lett.42,

1698 ~1979!; Phys. Rev. B22, 2099~1980!.
45T. Schneider and H. Keller, Phys. Rev. Lett.69, 3374~1992!.
46B. Raveau, C. Michel, M. Hervieu, G. Van Tendelov, C. Marti

and A. Maignan, J. Supercond.7, 9 ~1994!.
47H. A. Blackstead, D. B. Chrisey, J. D. Dow, I. S. Horwitz, A. E

Klunzinger, and D. B. Pulling, Phys. Lett.207, 109 ~1995!.
48D. S. McClure, Can. J. Chem36, 59 ~1958!; Y. N. Chiu and L. Y.

C. Chiu, Can. J. Phys.68, 177 ~1990!.



C
.

.

em
.

.

ys.

6034 55YING-NAN CHIU
49Y. N. Chiu, J. Chin. Chem. Soc.39, 361 ~1992!; Eur. J. Solid
State Inorg. Chem.t 30, 1119~1993!.

50D. P. Clougherty, K. H. Johnson, and M. E. McHenry, Physica
162–164, 1475~1989!; K. H. Johnson, D. P. Clougherty, and M
E. McHenry, Mod. Phys. Lett.3, 1367 ~1989!; High-
Temperature Superconductivity, edited by J. Ashkenaziet al.
~Plenum, New York, 1991!, p. 341.

51K. H. Johnson, M. E. McHenry, C. Counterman, A. Collins, M
M. Donovan, R. C. O’Handley, and G. Kalonji,Novel Supercon-
ductivity ~Plenum, New York, 1987!, p. 563; K. H. Johnson, M.
E. McHenry, and D. P. Clougherty, Physica C183, 319 ~1991!.

52A. Tachibana, H. Fueno, S. Ishikawa, and T. Yamabe, Ch
Phys. Lett.160, 353 ~1989!; A. Tachibana, Int. J. Quant. Chem
41, 273 ~1992!.

53Y. N. Chiu, J. Phys. Chem.80, 992~1976!; F. E. Wang and Y. N.
Chiu, Chem. Phys.12, 225 ~1976!; Y. N. Chiu and F. E. Wang,
ibid. 18, 301 ~1976!.

54R. J. Birgeneau, Am. J. Phys.58, 28 ~1990!.
.

55M.-H. Whangbo, M. Evain, M. A. Beno, U. Geiser, and J. M
Williams, Inorg. Chem.26, 2566~1987!; 26, 1829~1987!.

56M.-H. Whangbo and C. C. Torardi, Acc. Chem. Res.24, 127
~1991!.

57Y.-N. Chiu, J. Chin. Chem. Soc.36, 487 ~1989!.
58Physical Properties of High Temperature Superconductors, ed-

ited by D. M. Ginsberg~World Scientific, New Jersey, 1989!.
59J. C. Phillips,Physics of High Tc Superconductors~Academic,

New York, 1989!.
60High Temperature Superconductors, edited by J. W. Lynn

~Springer-Verlag, New York, 1990!.
61Y.-N. Chiu, Acta Phys. Hung.74~4!, 427 ~1994!.
62F. J. Adrian, Phys. Rev. B37, 2326~1988!.
63S. Larsson, Chem. Phys. Lett.157, 403 ~1989!.
64G. Burns,High Temperature Superconductivity~Academic, New

York, 1992!.
65J. D. Lykken, J. Sonnanschein, and N. Weiss, Int. J. Mod. Ph

A 6, 5155~1991!.


