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We present here a plasmon theory of high-T, superconductivity. Some specific features of our theory
are that the effect of layered or superlattice structure is fully taken into account and that plasma oscilla-
tions and the screened effective interaction between two charged carriers is studied on the basis of a
tight-binding model. With an analysis of the gap equation and employing Gaussian functions for the
various relevant atomic orbitals, we have evaluated numerically the superconducting critical tempera-
tures of the La-, Bi-, and Tl-based oxides with very encouraging results.

I. INTRODUCTION

With the discovery of the high-T, superconductors
La-Sr-Cu-O,! Y-Ba-Cu-O,? Bi-Sr-Ca-Cu-O,® and TI-Ba-
Ca-Cu-0,* extensive experimental and theoretical studies
have been made to bring to light the origin of high-T', su-
perconductivity in these oxides. It has generally been
recognized that one may need a mechanism other than
the phonon-mediated attraction, which is probably too
weak to account for the observed high values of the criti-
cal temperature.” The most distinct evidence disfavoring
the phonon mechanism is perhaps the small size of the
isotope effect.®

Despite the failure of the phonon mechanism and of
the conventional theory of superconductivity,” experi-
mental results of flux quantization® and the Josephson
effect’ indicate that the carrier unit of supercurrent in
these oxides has twice the electronic charge, implying
Cooper pairing as a basic ingredient of the phenomenon.
Besides, apart from strong anisotropy, experiments agree
unanimously on a BCS-like behavior. People are natural-
ly interested in mechanisms built on attractive interac-
tions induced by charge!®™!3 or spin'* fluctuations. How-
ever, observation of phase coherence between high-T,
and conventional superconductors!® and of the nuclear
spin relaxation of Cu and 'O (Ref. 16) confirm that the
pairing has s-wave symmetry. Spin fluctuations would
thus work destructively rather than constructively on the
pairs. The remaining problem is then to clarify the con-
crete nature of the charge fluctuations underlying high-
T, superconductivity.

As an outstanding feature, all known oxide supercon-
ductors invariably exhibit layered superlattice-like struc-
tures. This is particularly striking in Bi- and Tl-based
compounds. Either of them has a number of phases
which differ in 7, in accordance with the size of the su-
percell or with the number of CuO, planes in a single
period along the ¢ axis. For example, the compound
Bi,Sr,CuOg¢ only has one Cu-O, layer per unit cell and a
comparatively low 7, of about 6-22 K, while the
double-layered compound Bi,Sr,CaCu,03 has a much
higher T, of 84 K and the three-layered compound
Bi,Sr,Ca,Cu;0,, has a T, as high as 104 K. The strong
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anisotropy also results from such a peculiar structure.
Electronic band-structure calculations'’~2° show that the
planes composed of CuO chains in YBa,Cu;0,_5 and the
(BiO), [(T10),] bilayers in Bi-based (Tl-based) materials
(defined as M planes) provide, along with the CuO,
planes, conduction bands intercepting the Fermi level.
Therefore, it is natural to model a ceramic superconduc-
tor as a superlattice of two-dimensional (2D) conductive
sheets with N CuO, planes and M of the M planes per su-
percell. The numbers N, M, and L=N+M take the
values listed in Table I.

What we wish to propose here is a new version of the
plasmon theory?! of high-T, superconductivity. To our
knowledge, previous studies'! were largely concerned
with the 2D collective excitation of a single Cu-O, sheet.
Obviously, in a single, two-dimensional charged system,
there is no possibility for the Coulomb interaction be-
tween a pair of carriers to be overscreened through virtu-
al excitations of charge-density fluctuations in the same
plane. But, in a superlattice of charged planes, it is possi-
ble to give rise to an attractive interaction through virtu-
al excitations of plasmon modes in neighbor planes. A
number of authors!? have incorporated this idea with the
plasmon mechanism. However, all previous discus-
sions!!'™13 of the plasmon mechanism employed free-
electron (hole) models, probably due to the fact that
reasonable calculations, like the random-phase approxi-
mation (RPA), are tractable only in this case. Such mod-
els are, in fact, not quite adequate; in view of the poor
conductivity of the ceramic oxides in their normal state,
the carriers are tightly bound rather than free.
Difficulties are encountered in the study of plasma oscil-
lations in tight-binding systems because the Coulomb ver-
tex in momentum space ceases to be a function of the
momentum transfer between two interacting particles
alone. Nevertheless, in our studies®’ of superlattices, we
have developed a plasmon theory for a one-dimensional
tight-binding system which allows hops between nearest-
neighbor quantum wells. The nature of the theory is to
restore the property of the Coulomb vertex as a function
of the momentum transfer alone by means of a specific re-
normalization procedure. It is possible to use the RPA
or even go beyond it by summing over appropriate bubble
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TABLE I. The numbers of CuO layers and of M layers of ox-
ide superconductors. Here M denotes the planes composed of
CuO chains or Bi-O and TI-O bilayers in Y-, Bi-, and Tl-based
oxides, respectively.

N M L=N+M
(La,Sr),Cu0, -, 1 0 1
YBa,Cu;0,_5 2 1 3

1 1 2
Bi,Sr,Cay  |CuyOspy g 2 1 3

3 1 4

1 1 2
T1,Ba,Cay —CupyOspy 14 2 1 3

3 1 4

diagrams formed with renormalized vertices and propa-
gators. The technique is readily extended to two and
three dimensions.”> We consider, therefore, the high-T,
superconductors as superlattices consisting of tightly
bound conducting planes.

In Sec. II, we formulate a plasmon theory for the case
of a superlattice consisting of tightly bound conducting

|
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planes. In Sec. III the effective interaction between two
carriers in the same plane is derived and Sec. IV presents
numerical estimates of the superconducting transition
temperature T, along with some discussion.

II. PLASMON THEORY OF A SUPERLATTICE
OF CONDUCTING PLANES
WITH TIGHT-BINDING CARRIERS

We write the wave function of a carrier localized near
a site R; in a 2D square lattice of constant a as

¢ (r—R;)§(z—2Z;) , (1)

where the integer / labels the conduction planes with
coordinate Z; along the ¢ axis. For the sake of simplicity,
we shall ignore charge transfer between the planes, i.e.,
we shall treat £;(z) as a localized function (or a & func-
tion) and then neglect wave-function overlap in the z
direction, although it is not necessary to do so. The car-
riers in each plane constitute a quasi-2D system with
single-particle Bloch functions.

Y (r,2)=S 124, 3 ¢,(r—R;,z—Z))exp(ik'R;) , (2)

where S is the area of the planes and Ay, is the normali-
zation constant given by

Al:12=l+S*1 2 exp(ik'Ri)fdzfd2r¢7(ryz_Zl)¢[(r_Rl,Z_Z])

i(NN)

=1+5"" 3 exp(ik-R,) [ d*rf(r)g,(t—R,) .
i(NN)

The Hamiltonian of the system can be written as

s

A=H,+H,, ,

Hy=3 e ClicCuo= S Ak,

k,l,o k,!
4)
=1
H,=1 3 Vi, (kk’,q)
k,k’,q,0,07,
Lyl 13,1y

i At
X 6k+q,1,ack ’—qlza’ek 1,0 6kl3a .
In the approximation, including only the overlap between

nearest-neighboring (NN) wave functions, the relevant
conduction band is defined by

ew = Ay {eo —2J;[cos(k,a)+cos(k,a)]} (5

with g, the on-site single-particle energy and J; the hop-
ping integral between nearest-neighbor sites:

eq=S "' [dz [d?r¢}(r,z—ZDh(r,2)¢/(r,2—Z)) ,
(6)

J1=—S'1fdzfd2r¢}"(r,z—21)
Xh(r,z)d)l(r*ai,z—zl) ) (7)

where h(r,z) is the Fourier transform of A(k,z). For the
large enough lattice constant, we can write 4,;=1 and
then Eq. (5) reduces to the well-known form of the tight-
binding band energy. The essential point of the theory is
the observation that, in the same approximation, the ma-
trix element of the Coulomb potential V(r—r',z —z’'),

V,1,2,3,4(k,k’,q)=fdzfdz’fdzrfdzr’¢§+q,l(r,z)¢{,_q,2(r’,z')V(r—r’,z—z’)¢k/14(r’,z')¢k13(r,z) (8)
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can be factorized to take the form
Vi, (KK = Ay g Ax—qr, A, A,

XT TP, (@T(k"8; 1 8, , (9

112

where T 7(k) is a row matrix (the superscript T means a
transpose)

T T(k)=(1, cos(k,a), sin(k,a), cos(k,a), sin(k,a))
(10)

and Vlll(q) is a 5X 5 matrix, which can be factorized fur-
ther into

Vu(q)=p,(@QV,(@pl(—q) . (11)

In Eq. (11), p/(qQ)={p;(q)}, i=1, 2, 3, 4, and 5, is again
a row matrix with elements

pi(@)= [d*r¢}(r)g;(rexpliq-r) (12)
where
en=¢;(r),

op=¢,(r—X)+¢,(r+X),
o;3=i[¢;(r—X)—¢,(r+X)],
Pu=¢,(r—Y)+¢,(r+Y),
@;s=i[¢;(r—Y)—¢,(r+Y)],

X and Y being the lattice vectors (a,0) and (0,a ), respec-
tively. The quantity V;.(q) is given by

Vi(q)=2me?/(e,q)exp(—q|Z,—Z,]), (13)

where €, is the high-frequency dielectric constant. It is
now possible to combine the single-particle propagator

Gk, 0)=[w—g,;+i0 sgn(w)] ™! (14)

and the T 7 matrix to define a new propagator @,(k,w),
which is a row matrix

Gl(k,0)= 4,,G,(k,0)T (k) . (15)

We are left with a simplified Coulomb vertex ¥j.(q),
which is a function of the momentum transfer q only.

|

ﬁll'(q’w7kz):N_l 2 €xp

n,n'

ik,

where k, is the wave vector, c is the lattice constant along
the c axis, and ¢; is the distance between the (n,i) and
(n,i+1) layers, we arrive at the following equation in the
RPA:

Uy(q,0,k,)=Py(q,k,)
+> f’\'11"(‘1, k,)

o
X 119.(q,0) 0 p(q,0,k,) @D

r !
(n"—nle+ 3 c;i— ¢

i=1 i=1

SHI-MIN CUI AND CHIEN-HUA TSAI 44

The price paid is that both the propagator and the vertex
become matrix quantities. Nevertheless, it is obvious
then, that the standard Feynman-Dyson technique of
many-particle theory can be readily followed, for exam-
ple, in the RPA, to study the nature of screened interac-
tions between a pair of charges. We note that the theory
is not limited to the RPA. In principle, it is possible to
go beyond the RPA by including higher-order polariza-
tion parts. But, for the sake of simplicity, we stay, in the
following, within the RPA and shall leave more refined
calculations to future publications.

III. THE EFFECTIVE INTERACTION

Consider a superlattice system with L conductive
atomic layers within a supercell along the ¢ axis. A dou-
ble label (n,1) denotes the I/th layer within the nth super-
cell. The effective interaction between a pair of carriers
in the (n,l) and (n’,1") layers, separately, can be obtained
by summing over bubble diagrams (Fig. 1):

Onl,n'l'(qiw): ﬁnl,n'I'(q)
+ 2

n"'l

?nl,n”l”( q )ﬁn”l”n’”l”’( q, 0 )

X ﬁ,,m,m,,'p(q,m) (16)
with the density correlation function [I defined by

ﬁnl,n’l’(qyc‘)): 2 ?(k)Akl Ak+ql Aklll Ak’—ql’
k,k’

XT (k)P ik, k';q,0) , (17

where P, ,.(k,k’;q,w) is defined as the hatched part in
Fig. 1. Specifically, in the RPA, it can be shown that a
single index fixes the density correlation part which has
to be evaluated by numerical integration:

ﬁnl,n’l’(q’w):ﬁ(l)(q7w)8nn'811' ’ (18)
f}(q,0)= 3 T(k) A} Af— g [ (o))~ f (e —g1)]
k
X(Sk,—ek*q,+ﬁw+i0+)_l7\" T(k_q) .

(19)

After Fourier transformation with respect ton —n’,

] Ot nr@0) (20)

k+q,nl k'=q,n'l'
K'—g.ni
qQw
K
k,nl k',n'l'

FIG. 1. Renormalized matrix Dyson equation of a superlat-
tice of planes with tight-binding conduction carriers. The
hatched part is denoted as P~ ,»(k,k’;q, ).

gt
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A relation similar to Eq. (11) holds for the effective (i.e.,
screened) interaction U, r(q,0,k,),
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Uy(q,0;k,)=V;(q,k,)
+ 3 Vil @, k)0, 0)Upp(q,03k,)
<

U1(q,0;k,)=p,(Q)Uy(q, 0k, )p/ (—q) , (22)
(23)
where Uy (q,w; k) satisfies In the above equation,
J
Vylq,k,)=2me?/(€,q)sinh(gc)/[cosh(gc ) —cos(k,c)]D;(q,k,) (24)
with
D,=1,
D, = {sinh(gc —gc')exp(ik,c')+sinh(gc’)exp[ —ik,(c —c')]} /sinh(gc) ,
Dy =Dy (I'>1), (25)
v
=3 ¢, (26)
i=1+1
r
and is the maximum excitation energy of an electron-hole pair
in 1 1. In Eq. (34) we have assumed that (A4,;,—1)"is
%q,0)=p(—)f1%q,0)p,(q) - (p ~navert = kI

The plasmon spectrum is then defined by the following
dispersion equation:

det|8,; — V;(q,k, MI%q,0,k, )| =0 . (28)

We now discuss various special cases.

A. Case A: L=N=1,M=0

In the simplest case L=N=1, M =0, i.e., in the case
of La,_,Sr, CuO, oxides (in this case the label [/ is always
equal to 1 and we shall omit it), the effective interaction is

Vig,c)

Ulg,w5k,)= A(q,w;c)—cos(k,c) ’ 29
where

V(q,c)=2me%sinh(gc)(eq)" ! (30)
and
A(q,w;c)=cosh(gc)—T%q,w0)V(g,c) , (31)

Mgw)=3 A Aio[T T)p(—q)]

fle)—fleg_g)
gy~ €x—q A +i0"

[T T(k—q)p(q)] .

(32)

The plasmon dispersion w, =w,(q, k, ) is defined by

A(q,w;c)—cos(k,c)=0 . (33)

The solution in the case of free particles is well known.
In the tight-binding case, plasmon modes exist for
®2w,,, where

©,, =4J [ |sin(g,a /2)| + |sin(g,a /2)|] (34)

vanishingly small for n =2, which is usually satisfied for
the tight-binding case. For v = w,,, we have the follow-
ing analytic dispersion relation:

a;

wlz,(q,kz y=2me2e_ g sinh(qc)

)

cosh(gc)—cos(k,c)
(35)

where
a;=—28"'3 fle ey - (36)
Kk

A detailed investigation of the dispersion relation indi-
cates that the interlayer Coulomb interaction modifies the
simple two-dimensional plasmon spectrum significantly.
In the layered structure, the whole spectrum is restricted
to lie between a highest branch wy=w,(k,c=0)
[A(q,w;¢)=+1] and a lowest branch w; =w,(k,c =)
[A(q,w;c)=—1], which correspond, respectively, to the
in-phase and out-of-phase oscillations of charges in adja-
cent planes. We note that the branch wy has a three-
dimensional behavior, i.e., @y ~const even for ¢ =0. On
the other hand, the branch w; has an acoustic character,
i.e., w; ~q in the long-wavelength limit. We call a spec-
trum with characteristics like this an optical-like plasmon
band. An illustration of the spectrum for the case of
(LaSr),CuO, is given in Fig. 2 at typical carrier concen-
tration. From Eq. (5), it is easily seen that the shape of
the Fermi surface is determined by

cos(k,a)+cos(k,a)=f(n) .

Note that, for =0, the Fermi surface reduces to the
lines =*k,*k,=m/a and then that the vector
Q=(xw/a,tm/a) nests perfectly in the Fermi surface.
The system is unstable under charge-density waves with
this wave vector and an energy gap should exist around
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the Fermi level if proper electron correlations are con-
sidered. We thus define the carrier concentration n as the
number of holes per lattice site, for example, resulting
from the substitution of La by Sr in La-based oxides. The
function f is determined by the condition that the num-
ber of occupied states n, should be 1 —n. In the concrete,
fis 0.00, 0.15, 0.30, and 0.45 for » =0.000, 0.151, 0.261,
and 0.354, respectively, for La-based oxides. In Fig. 2(b)
we see that the plasmon bands are similar for little carrier
concentration (i.e., n =0.35) as expected.

We now consider the effective interaction between a
pair of charges in the same plane which is given, for
®=w,,, by

U(q7w): V(q,c)[Az(q,a);c)—1]71/2sgn[A(q,a);c )] .

(37)
0.2
> (a)
2
£
el
|
3
0.2
(b)
—
>
xCl
3
2
|
3

FIG. 2. Plasmon spectra of the (La,Sr), CuO, superconduc-
tor, o—w,, vs q for (a) the carrier’s density n =0 and curves
(a)-(e) corresponding to phase k,c =0, w/3, 7/2, 2w /3, and 7,
and (b) phase k,c =0 and curves (a)-(d) corresponding to the
carrier density n =0.000, 0.151, 0.261, and 0.354.
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In Fig. 3 we show U(q,®) schematically as a function of
. Corresponding to the plasmon branches, we have two
frequency ranges separated by a finite gap. Between the
frequencies w,, and o, the effective interaction is an at-
traction, which is crucial for pairing of charges in the
same CuO, plane. For frequencies w > wy, the interac-
tion is repulsive. Analysis shows that the attraction
arises predominantly through exchange of momentum
and energy via virtually excited plasmons in neighboring
planes. We remark in passing that the effective interac-
tion between two charges in different planes is always
repulsive, for instance, between two charges in adjacent
planes, we have

U (g, @)

=V(q,c){|A(q,w;c)|[AXq,w;c)—1]712—1} .

B. CaseB: L=N+1(N=1),M =1

The L=N +1 (N =1) case can be handled along the
same line. We shall assign subscripts C and M to signify
quantities pertaining to CuO, and M layers, respectively.
Let d- and d,, be the respective lattice spacing between
adjacent CuO, layers and between an M layer and its ad-
jacent CuO, layer, then the lattice constant along the ¢
axis is

c(n)=2dy+(N—1)d, .

From the matrix equations (21) and (22) we obtain the
effective interaction of a pair of charges in a CuO, plane

alq,w;c)

Ulq,w;k,)= N 38
(q,03k;) A(q,w;c)—cos(k,c) (38)
where
G
= | |
<
3 | |
= | l
L !
| |
3. i
A L H

—_— — — — = — = — ==

FIG. 3. Schematic plot of the effective interaction U(q,®) vs
frequency w. A4, L, and H signify ,,, w,(k,c=m), and
o,(k,c=0), respectively. The hatched region corresponds to
the frequency range which is crucial for Cooper pairing.
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a(q,w;¢)=V(q,c)—2M%(q,0)V(q,dy)V(q,c —dy)
N
+ 2 > (Vig,nidc) - V(g,n,dc)Vg,(n;+ -+ +n,)dc) —211¢(q,0)]”
m=1 05n1<n2< s <n,,
(n1+-'~+nm=N-—l)
+V(g,c—dpy)V(g,c —dpy—n,dc)V(g,nyde) - - - Vig,n,dc)
XV(g,(ny+ -+ +n,)dc)(—2)" T 1E(q,0)]"},(q,0)] , (39)

A(q,m;c)=cosh(ge)—NM%(q,w)V(g,c)—11%(q,0)V(g,c)

N
+ 3 > Vig,n,dc) - V(g,n,dc)Vig,(n,+ -+ - +n,)dc)(—2)"[1E(q,0)]" !
m=10=n;<n, <+ <n,
(ny+ - +n, =N—1)
N
+ > >, V(g,dy +(N—n)dc)Wig,n,de) - - Vig,n,dc)V(g,(n;+ -+ +n,,)dc)
m=105n1<n2<--~<nm

(ny+ - +n, =N)
X(—2)"[M2(q,0)]™%(q,») . (40)
The plasmon dispersion w, =w,(q, k,) and the corresponding damping y(q, k) are defined by

ReA(q,w;c)—cos(k,c)=0, (41)

ImA(q,w;c)
dReA(q,w,¢) /3w |o=0,(ak,)

r(q,k,)= (42)
Equations (38)—(42) are quite complicated. Analysis shows that the general result is the existence of N +1 plasmon
bands, one optical-like plasmon band lying above ®,,. (®,> ®,,.) as in the L =1 case and N acoustic bands lying be-
tween @,y and ¢ (©,,y <®, <w@,,c). Each acoustic band is restricted to lie between a highest branch o} (k,c =0 or
) and a lowest branch o} (k,c=m or 0), i=1,2,...,N. They all have acoustic behavior, i.e., w,~q in the long-
wavelength limit. The numerical results for Bi-based oxides (N =1) is shown in Figs. 4 and 5.

In particular, for the N=M =1 case, there exist two plasmon bands. One is an optical-like band and another is an
acoustic band. The modes of the optical-like band are all undamped due to @, >®,,c. On the other hand, maybe
ImA(q,w,c) is nonzero for w <w,,c. So, the modes of acoustic band are damped except for k,c =. This is similar to
that obtained for the free case of the 1:2:3 materials by Mahan.?* In the small-g limit, y of the acoustic band is found to

be linear in ¢, and

w,(q,k,)cos*(k,c /2)

v(q,k;)/w0,(q,k; )=

For @, <<®, <<®,,¢, ¥ is vanishingly small. One also
sees that the quality of the modes of the acoustic band are
quite good (y /o < 5%, which we estimate at little n) for
Bi-based oxides (N=1) although ,,, <<w®,c is not
satisfied.

The effective interaction between two carriers in the
same CuQ, layer for 0, <® <,,¢ is given by

ReU(q,w)=[(n+8*—7—1)/(29*8*)]'/?
X [8a+(n+2—82+1)8/(27)] ,
where
PP=(8*—72—1)2+(28%2)? (43)

and 8 and 7, and a and B are the real and imaginary parts
of A, Eq. (40), and a, Eq. (39), respectively,

B Zwmcﬂg,(q,wp ){cosh(gc /2)/Re[11%(q,0=0)]—V(q,c /2)}

A=6+ir,
a=a+if .

A net attraction results within the frequency range
[@,a1,01 ], where o, is the frequency of the mode which
corresponds to an out-of-phase oscillation of charges on
the M layer with respect to the neighboring CuO, plane.
Analysis also shows that the attraction arises predom-
inantly through virtual excitations of plasmons in neigh-
boring planes. The larger is N, the smaller is the frequen-
cy of the lowest acoustic plasmon w; and a stronger
effective attraction for BCS superconductivity.

We have, therefore, the following picture: Pairing of
carriers in the same conductive plane occurs owing to at-
tractive interaction resulting from exchange of virtual
plasmons in neighboring layers.
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IV. THE SUPERCONDUCTING
TRANSITION TEMPERATURE

An analysis similar to Ref. 13 can now be performed.
Beginning with the gap equation in the Gor’kov approxi-
mation (at T=T,)

Ulq, —q;p—q,iw, —iw,)
? -H:;

Fl(pio,)=—B""'3

qw,,
X F'(q,iw,) 44)

with 0, =2n+1)7T, and w,,=2n'wT,, and F the anom-
alous Matsubara function, one deduces

—~ 02
> {a)
N
o
£
3
I
3
0.1
(a)
v (b)
(¢
(&
(e)
1 1
0.5 1.0
qa
—
3 (6)
2
3
3
]
3
0.02
0.01
0.25 0.50
qa

FIG. 4. Plasmon spectra of Bi,Sr,CuQOyg. (a) The optical-like
band ®—w,,¢ and (b) the acoustic band w— ®,,y, at carrier den-
sity #=0.000 and electronic density on the Bi-O bilayer
n,=0.300. Curves (a)—(e) correspond to k,c=0, 7/3, 7/2,
2mw/3, and .
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S

T,=1.134w exp[ —(1+{(F)?) /({F*)—p)], 45
where

(Fy=["" anleh-Fio) (46)
and F(Q) is defined by the ansatz?

Koo(Q,Q)=[p+F(Q)+F(Q)]0(w, —|Q])

XO(w, —|Q']), 47)

Koo(0,0)=p1 . (48)

In Egs. (45) and (46), Koy =K, - ,-—o and

—~
S 0.2
= (@)
34
E
3
I
3
0.1

(a)

(&)

(c)

(4

1 1
0.5 1.0
qa

=
A ()]
2
g
3
I
3
0.02

0.01

1

0.25 0.50
qa

FIG. 5. Plasmon spectra of Bi,Sr,CuOq. (a) The optical-like
band w—w,,c at carrier densities n =0.000, 0.151, 0.261, and
0.354 for curves (a)-(d), respectively, and electronic density on
the Bi-O bilayer n, =0.300 and (b) the acoustic band @ — w,,s at
carrier density n» =0.000 and electronic densities on the Bi-O bi-
layer n,=0.30, 0.25, and 0.20 for curves (a)-(c), respectively.
All the curves are for k,c =0.
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d©,dO,4cos(n®©,)cos(n'©,. )K(p,p")

Knn'(apaap’): f [(

with K(p,p ') a kernel defined by
AT n YD (1 — ') 12
K(p,p")= [T (p")p(p—p')]

A4,%4-3
It
and
6p=tan_1[tan(pya/2)/tan(pxa/2)] . (51)

Since there exists experimental evidence'>!® favoring s-
wave pairing, only the K, component is effective in the
reduction from (44) to (45).

According to Takada,?® due to the specific behavior of
the dispersion relations of different plasmon modes, the
dominant contribution to (F") comes from interaction
via excitation of intraplanar plasmons. Thus, we can ap-
proximately treat (F") as a pure 2D quantity.
Meanwhile, we write u=puy,— A, where p, is of pure 2D
nature and A originates from interplanar coupling. In
view of the fact?® that purely 2D systems are unlikely to
be superconducting and the complete nesting of the Fer-
mi surface occurs in the half-filled case, { F?) —pu, must
be a negative quantity of vanishingly small magnitude, so
that (45) becomes

T,=1.134w exp(—A 1) . (52)

This is true for arbitrary L and N (or M). We find A(L)
given by

ML)={1—A(L)/[BXL)—1]"%} /2. (53)
Inthe L=N=1, M =0 case,

A=A4(1)=—11%V(g=0,c) ,

€pr—EoTep)’c0s?(20,,.)+ 167 %sin%(20,)]'2(1+8 )

and in the L =2 (N=M =1) case,
A=A12)= —HSV(q=O,c)+2H%H34V(q=0,c/2) ,

B=B(2) (55)
=1—(Ig+15,)V(g=0,c)+20%11%, V(g =0,c /2) ,
where
9=11%¢=0,0)=—2S ' 3 &gy, — &) (56)

k

is related to the overlap integral and the density of states
of the carriers. Expressions for 4 and B become more
and more complicated for larger L and/or N, and will be
omitted for brevity.

In order to obtain an estimation of the superconduct-
ing transition temperatures, we proceed to perform nu-
merical calculations. We first need input data. Since the
structure of CuO, planes and the Cu-O, conduction
bands resulting from band calculations are essentially
identical in all types of ceramic superconductors, we take
the same set of parameters for the CuO, planes in all ox-
ides. We also overlook the differences in M layers in
different phases of each kind of oxides. The adopted pa-
rameters are shown in Table II.

Next, we chose the Cu 3dx2ﬁy2—0 2p,, hybridized
wave function localized within the vicinity of a lattice site
in a CuO, layer as

¢ (r—R;,z)= 2 [fi¢a(r—R,,z—2Z))

—fE¢,(r—R;,z—2Z))] (57)

with £%,f2 >0, ¢, the atomic Cu 3dx24y2 wave function

(54) and ¢, a linear combination of atomic O 2p,, wave func-

B=B(1)=1—-11%V(g=0,c) , tion.

¢p(r—R,-,z)=[¢px(r—Ri+X/2,z)—¢px(r—R,-—X/2,z)]/2+[¢py(r-—R,~+Y/2,z)—¢py(r—R,»—Y/2,z)]/2 . (58)

TABLE II. Parameters adopted for the La-, Bi-, and Tl-based superconductors: 8J is the Cu 3d —O
2p bandwidth, 8/ is the Bi (T1) 6p —O 2p bandwidth, d. and d,, are the respective lattice spacings be-
tween adjacent Cu-O, layers and between an M layer and its adjacent Cu-O, layer, and €., is the high-
frequency dielectric constant.

8Jc (V) 8y (eV) de (A) dy (A) a (A) €0
La oxide 3.6 (Ref. 17) 6.6 (Ref. 27) 3.8 (Ref. 27) 20 (Ref. 30 )
Bi oxides 3.6 (Ref. 17) 2.4 (Ref. 19) 3.7 (Ref. 28) 6.0 (Ref. 28) 3.8 (Ref. 27) 15
Tl oxides 3.6 (Ref. 17) 1.6 (Ref. 20) 3.2 (Ref. 29) 5.8 (Ref. 29) 3.8 (Ref. 27) 15
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Gaussian fits to Slater wave functions ¢, and ¢, are used.
We neglect the small overlap integrals between the ¢,

and ¢, orbitals, but retain only the large overlap integral
y
between the ¢, orbital and the neighboring ¢, or ¢, or-
x y

bital. The coefficients fZ and f? are considered to be
vanishingly small when i and i’ are not nearest neighbors.
The relative phases of the wave functions are shown in
Fig. 6. The Bi-O and TI-O 6p,,-2p,, wave functions are
constructed in a like manner.

We have studied (F), (F?), o, and A numerically in
the RPA. In the half-filled case, singular behavior associ-
ated with the nesting of the Fermi surface causes (F?)
and yu, to take maximum values and A a minimum. With
increasing filling factor, (F?) and u, drop rapidly,
whereas A increases slowly. The resulting A and T, are
shown as functions of carrier concentration in Fig. 7.

We have suggested a plasmon theory of a superlattice
consisting of 2D tight-binding conducting planes. Due to
the attraction resulting from exchange of virtual
plasmons in neighboring planes, paring of carriers in the
same conducting plane occurs, leading to superconduc-
tivity. Within the RPA, we have calculated the super-
conducting transition temperature with encouraging re-
sults.

We would like to make the following remarks.

(1) The value of A stays between 0.1 and 0.2 in all cases.
But since it appears in the exponential in Eq. (52), a small
variation in A may cause large changes in the value of 7.
This is the reason for large differences in T, for different
phases in each series of oxides.

(2) The value of w; is about 1.4 eV at little n for La-
based oxides, and is larger for N =1, Bi-, Tl-based oxides,
which is smaller than that obtained by fits to the Drude
model [ ~2.4 eV (Ref. 32) for LaCuQ,], but larger than
that measured by muon spin resonance [ ~0.9 eV (Ref.
33) for LaCuO,]. ; decreases with increasing of carrier
concentration n.

(3) The 6p,, (Bi,T1)-2p,,(O) bands play an important

7 AN
7 N
/ AN
N ¢ o on
AN /s
AN /

N
AN

bpy

7 AN
7 AN

d

FIG. 6. Relative phases of the atomic wave functions.
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FIG. 7. Dependence of superconductivity transition tempera-
ture T and pairing strength A on carrier concentration for (a)
(La,Sr), CuO,, (b) Bi-based oxides, and (c) Tl-based oxides. In
(a), the crosses represent experimental results (Ref. 31). In (b)
and (c), curves (a), (b), and (c) correspond, respectively, to
(L,M,N)=(4,1,3), (3,1,2), and (2,1,1).
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role in raising 7,. We find higher T, with narrower
bandwidth.

(4) For each specific kind of material, T, and A increase
with an increasing number of CuQO, planes &, but become
saturated for N = 3.

(5) The result in the L =1 case [Fig. 7(a)] is very en-
couraging. Figures 7(b) and 7(c) show that we obtain, for
the Bi and T1 oxides, T, values of the right orders of mag-
nitude.

(6) Apart from the n dependence through A, Egs. (52)
and (35) roughly imply a proportionality between T, and
n /2, This is in accordance with observation.>*

(7) The theory needs only slight modifications to be
applicable to the yttrium compound. It can also be
refined by working, for example, in the generalized RPA
(Refs. 35 and 36) (GRPA) to include more many-body
effects. Work along these directions is in progress.’’

Finally, we would like to draw attention to a basic
problem in the theory of high-T, superconductivity. The
high T, naturally requires a pairing interaction mediated
by excitations with high characteristic frequency w;. On
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the other hand, the oxides have Fermi levels £ much
lower than in metals, alloys, and metallic compounds.
Thus, w;, is comparable with €, instead of w; <<gj as in
conventional superconductors. This would make the
whole Fermi sphere unstable against pairing, leading to
contradiction ~ with the apparent experimental
confirmation®® of the validity of a BCS and Fermi-liquid
description. Despite this dilemma, we have followed,
particularly in Sec. IV, the traditional BCS formulation.
We believe a possible way out of this dilemma is to adopt
a real-space pairing formalism along the general line of
the old theory of Schafroth® and of the recent formula-
tion by Lee*® and by Micnas et al.*!
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