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Recently it is been argued that the plasmon modes expected in the oxide superconductors

should be characteristic of a superlattice with a basis of several metallic sheets.

We extend this

work by including the exchange-correlation effects in a given CuO sheet via local-field corrections

(the generalized random-phase approximation).

In addition, the effective interaction between

electrons in a given CuO sheet is worked out for a superlattice with a basis of several sheets,
separating out the effects of the various kinds of plasmons. Numerical results are given for the
superlattice plasmon dispersion relations for two and three sheets/unit cell. If the spacing of the
sheets is small compared to the superlattice period (as it is in the 2:2:1:2 and 2:2:2:3 superconduc-
tors), we find that the low-frequency plasmon branches (n—1 of them, where n is the number of
sheets/unit cell) are essentially identical to those of an isolated bilayer or trilayer.

I. INTRODUCTION

This paper is concerned with the plasmon spectrum
which should be characteristic of the Bi-Sr-Ca-Cu-O and
Tl-Ba-Ca-Cu-O high-temperature superconductors. As
the result of experimental work by many groups since the
original report of Maeda et al,' it is now known that
there is a whole class of oxide superconductors composed
of monolayer, bilayer, or trilayer Cu-perovskitelike units
separated by bilayer Bi-O or TI-O units (see, for example,
Refs. 2-6). These superconductors can be described by
the formulas Bi,Sr,Ca,—1Cu,04+2, and Tl;Ba,Ca,-;-
Cu,04+2n, where 2n is the number of CuO, sheets in a
primitive lattice unit cell with a c-axis dimension ¢z (n).
From several band-structure studies,’ ”® the metallic
properties appear to be dominated by two-dimensional
(2D) bands associated with the CuO, sheets and (possi-
bly) the BiO, (T1,0,) bilayers, with not very significant
charge transfer between these subunits. The layers with
Ca and Sr(Ba) do not appear to exhibit metalliclike be-
havior. In this paper, in discussing the charge fluctuation
spectra of this class of materials, we treat them as a super-
lattice of stacked metallic sheets (2D electron gases), with
a superlattice unit cell with a c-axis period (along the z
axis) equal to one half of the crystal unit cell (¢ =c./2).
Each superlattice unit cell has one Bi-O(TI-O) bilayer
and n CuO; sheets (n=1,2,3,...).

Starting with such a superlattice with a complex unit
cell composed of several metallic sheets, the dielectric
function e(q,») was worked out in Refs. 10 and 11 within
the random-phase approximation (RPA) for a basis of up
to three sheets/unit cell. Extending earlier work'? in
semiconductor superlattices with two sheets per unit cell,
for n metallic sheets per unit cell, one has n—1 low-
energy acoustic plasmon branches which separate off from
the high-energy plasmon branch characteristic'® of a su-
perlattice with one sheet/unit cell.
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In the present paper, we generalize our earlier work'! in
several ways. First of all, we generalize the analysis of the
charge fluctuations in a given sheet to include the
exchange-correlation effects via a static local-field approx-
imation.'* That is, we extend our analysis to the general-
ized RPA (GRPA), albeit in a simple Hubbard-like ap-
proximation.'> As far as we are aware, the only previous
work on including exchange-correlation corrections to the
superlattice plasmon dispersion relation was limited '® to
the long-wavelength limit. Second, we derive a general
expression for the effective Coulomb interaction between
electrons in a given CuQ; sheet, as induced by coupling
into the superlattice charge fluctuation spectrum. We
give a closed expression for the effective electron-electron
interaction in a given sheet in terms of separate contribu-
tions from the high- and low-frequency plasmon branches
o+ in a superlattice with two identical sheets/unit cell.
This makes use of the fact that the dielectric function can
be factorized into separate parts associated with the o+
plasmons, and generalizes an earlier study on superlattices
without a basis. !’

In addition, we present numerical results for the
plasmon dispersion relations in superlattices with two and
three sheets/unit cell. We find that as long as the spacing
d, of the sheets is much smaller than the period of the su-
perlattice ¢ (as in the Bi and Tl superconductors), the
low-energy plasmons are almost identical to that of an iso-
lated bilayer or trilayer.

Direct observation of these superlattice plasmon modes
would be of great interest since their dispersion relations
depend on the spacing and metallic properties of the
sheets. In the oxide superconductors, the bulk plasmon
frequency is of order 1-2 eV. In addition, if the Bi,O»
and T1,0; bilayers are metallic (as band-structure studies
suggest), they would give rise to an additional low-energy
acoustic plasmon branch.!' Such superlattice plasmons
have been extensively studied in semiconductors (for a re-
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view, see Ref. 18) by inelastic scattering of light. In the
oxide superlattices, the ideal probe of the low-energy
plasmons would appear to be inelastic electron scattering
in the reflection mode.

In Sec. II, we work out the charge-fluctuation-induced
electron-electron interaction for the case of two
sheets/unit cell, within the RPA. In Sec. III, we general-
ize the analysis to the GRPA. In Sec. IV, working in the
RPA and the long-wavelength limit, we discuss the
plasmon branches arising when the basis has one, two,
and three sheets. In Sec. V, we give numerical results for
the superlattice plasmon dispersion relations for two and
three sheets/unit cell, as well as the associated effective
electron interaction. In Sec. VI, we briefly discuss recent
work on Cooper pairing due to acoustic plasmons in a sin-
gle two-dimensional (2D) metallic sheet'® as well as in an
isolated bilayer?° or trilayer.?! In a future paper, we hope
to use our present results to give a more definitive test of
plasmon-induced pairing in the oxide superconductors.

]
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The indices i,/ label the two metallic sheets (@ and b) in
given unit cell. The bare Coulomb interaction is

(2.2)
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where Z; ,=Ic and Z;, =Ilc+d,; | is an integer running
over the /V unit cells in the superlattice. We have assumed
that sheet a is at z, =0 and sheet b is at z, =d ;. The gen-
eral charge response function describing the correlation
between electrons in sheet i in unit cell /, and in sheet j in
unit cell /' would be denoted as y;;(/,/;qu,@). For nonin-
teractmg electrons, this response function is diagonal,
with 2, 1,q),0)=x2(I'=0;q),@). From now on, we
shall drop the qy,® dependence of various functions to
simplify the notation. If we limit ourselves to a single
sheet/unit cell, (2.1) reduces to the self-consistent equa-
tion discussed in Ref. 17.

In solving (2.1), it is convenient to use Fourier trans-
forms with respect to / and /' to make use of the periodici-
ty in the z direction. For example, the Fourier transform
of (2.2) is (compare with Ref. 11)

Vjj (qz) =;e1q,lcvij (1) . (2.3)
Here G is a reciprocal-lattice vector of the superlattice
(=n2n/c). Because of the periodicity in the z direction,
q: is restricted to the first Brillouin zone (—=n/c <gq,
< rt/c). For later purposes, we note that the sum in (2.3)
can be carried out explicitly to give

2
== = = ———-—e—
vaa(qQ) =vps (q) o(q) qu" +(qz+Gz)2 ,  (2.4)
vab(q) =03 (q) =5(q)
4ye? —i(G;)d, , (2.5)

;Z ‘I||2+(‘Iz+Gz)2
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II. PLASMON-INDUCED EFFECTIVE ELECTRON
INTERACTION IN A SUPERLATTICE WITH
A BASIS OF TWO SHEETS: RPA

In the present paper, we completely ignore any band-
structure effects in the CuO; and Bi,O; (T1,0,) bilayers
and simply treat these as 2D electron gases (with different
densities and effective masses). We completely ignore
charge transfer between the sheets, which should be a
good assumption in view of the highly 2D nature’ !0 of
the energy bands that cross (or are near) the Fermi ener-
gy. This simplifies the analysis considerably and should
be an appropriate first approximation to the extent that
the width of the electronic charge density in a given sheet
is much less than the ¢, the superlattice repeat distance.
This means that all the sheet form factors in our earlier
work ! are set to unity [8;(g,) =11.

Our starting point is the self-consistent RPA equation
for the effective electron-electron interaction (between
electrons in cells labeled by / and /')

Ogu,@)ofiU1,15q0) . @D
|
where!!'13
5(q) = 2me? . sinhgc
9 qi coshgc —cosg;c
(2.6)

sinhg)(c —d;)+e ~““sinhq,d, Qe
coshgc —cosq;c )

5(q) = z”ezc[
qi

In the limit of gc <1, one finds 5(q) =i(q) =47e?/q2
The Fourier-transform convention in this paper is slightly
different from Ref. 11. In particular, the transform of
x2 (1) is

%xf,)a(qz) =‘%x,‘,’(l —1'=0)=N,x2(qi,®),

2.7

where N;=1/Ac is the number of unit cells per unit
volume and x,,(q“,w) is the Lindhard function of a 2D
electron gas. A is the area of a sheet. An overall phase
factor is corrected in (2.5) and (2.6).

Fourier transforming (2.1), we obtain

v (q) = 5(qQ) + N, x0(qi,®)5(q)vl(q)
+ N, x8(qu, 0)5(q)vel(q) ,
vl (q) =5*(q) + N, x9(qu,0)5* (@)v sl (q)

+ N8 (qu,)5(q)vsf(q) .
This is a closed set of equations whose solution is

<M(q) = 5(q) —[52(q) — | 5(q) |2IN,xf ’

€

(2.8a)

(2.8b)

2.9)

—%
v;mq)-ﬂ—fL’,

where the superlattice dielectric function is given by

e=eep— | 0(q) | 2NsxONx8 (2.10)
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and
6=1—N,5(qQ)x’(qi,0), i=a,b. (2.11)
Analogous calculations give
5(q) — [5%(q) — | 5(q) |2 1IN, 20
i (@)= 2210 6'”(“' =3
5q) .12)

eff )
Uab (q) P

We note that while & in (2.4) only depends on the Bravais
superlattice spacing c, o in (2.5) also depends on the struc-
ture of the basis. If we set v to zero, the above results de-
scribe two uncoupled arrays, with e =¢, €, and'’
viT(q) —3(—‘115 (2.13)
The charge-fluctuation spectrum is given by the zeros of
€ in (2.10) and the resulting plasmon dispersion relations
will be discussed in Secs. IV and V. The effective interac-
tion between electrons in specific sheets is given by

L U=1),
Ze ‘q Ul‘;ﬁ(qz ;qny (] ) 9

(2.14)

where g, is restricted to the first BZ of the superlattice
(the spacing between the g, wave vectors is 2n/L, where
L =Nc). In the continuum limit, the intrasheet effective
electron-electron interaction is

U,jﬁ(l—l ,qu,w) = [11\’

o —1'=0,q1,0) ==— dqz vili(@), (.19
while the effective interaction between electrons in dif-
ferent sheets in the same unit cell is
n/c
effl(] —I'=() =< i
iU =r=0an0) == [ da.oif@. @16
If we consider the ¢— oo limit, the different cells are un-
coupled and our results in (2.9)-(2.12) then describe an
1solated bilayer.?? In this limit, the potentials in (2.6)
are!!?3

—qud, +iq.d,

b=vyp, 0(d|)=vape , Q.17

where vyp=2re’c/q). The effective potentials in (2.9)
and (2.12) then reduce to those recently obtained by
Mahan and Wu?! for the case of an isolated bilayer. For
a single sheet, (2.15) gives the standard RPA results (see,
for example, Ref. 19).

In Appendix A, we briefly discuss the generalization of
the results in this section for a superlattice basis of three
sheets.

III. INCLUSION OF EXCHANGE AND
CORRELATION: GRPA

We now proceed to generalize the RPA results of Sec.
IT to include exchange and correlation effects through the
use of static-local-field corrections in describing the
Coulomb interactions in a given sheet. This has been dis-
cussed extensively in bulk 3D metallic systems, !> as well
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as for 2D systems, ' and we refer the reader to this litera-
ture for further background on the GRPA.

Our key assumption is that in a superlattice, only the
intrasheet Coulomb interaction is renormalized by local-
field corrections:

vi; (L Iq) = v (L 1qn) — Gi(q)vap(qi) 8,8 . (3.1)

A simple Hubbard-like approximation to the 2D static
local-field correction which has the correct limits is'*!°

qi
[(ZC]||)2+ (n'kzp)zl 2>

where kr is the 2D Fermi momentum. This reduces to &
for > kyr and q/zkyF for qy < k,r. With reference to
the superlattice potentials in Sec. II, we note that 5(q)
will be modified but 5(q) will be unaffected since the
latter describes interactions between different sheets in the
basis. vyp has been defined after Eq. (2.17).

The effective interaction is now given by

v 1) = v (1 —1")
lzv,,,(z 120U =051,

C juh

(3.2)

G(q)) =

(3.3)

where v/; is defined in (3.1) and 5°" satisfies the self-

consistent equation

o1 = v/ ;=1

+—= ):u,,,(z N U=0)5:T,00 . (3.4)

Juh
The lowest-order term in (3.3) is the bare or unscreened
Coulomb potential while the higher-order terms involve
vjj. Fourier transforming (3.4), one finds o and o
satisfy a set of equations identical to (2.8) except that
5(q) is replaced by

54(q) =0(q) —v2p(qi)G.(qi) (3.5)
in (2.8a) and by 55 (q) in (2.8b). The solutions are
57(q) = 5a(q)eh+ | f(q) |>Nsx8 ’
€
i) =T (2.6)
with
e=eqeb— |5(q) |*’NexdNsxl 3.7
and
€/(q,0) =1—1[5(g) — GivapIN;x2(qu, ), i=a,b. (3.8)
Turning to (3.3), the Fourier transform is
vel(q) = 5(q) + N, x3(qn)5,(q)5(q)
+N,28(q)o(q)o5N(q) ,
3.9
o5l (q) = 5*(q) +N,x2(q))5* Q)55 (@)

+ N, x8(qi) 5 (q)55T(q) .
Making use of (3.6) in (3.9), we obtain
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vl (q,0) =5(q) + [N, x0(5,) 2+ Ny x8

For one sheet/unit cell, this simplifies to

N,x3(qi, o)

. (3.11)
1 —54(q)N;x2(qy, w)

v (q,w) =05(g)+(5;)?

If we ignore the local-field correction G,(qy), this in turn
reduces to 5/¢, as in (2.13).

For the special case of two identical sheets, we note that
we can write the dielectric function in (3.7) as a product
of two factors € =¢€% €, where we have defined

er =1—0'sN;x%qi0), (3.12)
with

'+ o] =v+ —G(qv2p (3.13)

v
In this case of two identical sheets, (3.6) simplifies to
57— G2— 5| DNyx®

va(q,w) = .

v ol — 2050 "Ny

2eh el
vie_+viel
2¢ e
=2* 4y 2= (3.14)
2¢t  2e-

This neatly separates the effect of the two kinds of
plasmons o’ (zeros of €'+) on oS, Similarly, one may
show

55M(q,0) = ——2— (3.15)

Using (3.13) and (3.14) in (3.9), we find

vil(q, 2062+ | 5] (1 + N2 %]

+2+[Nsx°(5')2— 5] (14N, 2%")].
€

(3.16)
Splitting up the first term as
. 1.€y 1 -fm
b=—0—+— 3.17)
2 €+ 2 5_
one is finally able to reduce (3.16) to
viM(q,w) = 5 v+ —v4G(q)vapN,x°]
€4
2 —[v-—v" G(qu)UZDNs;(O] (3.18)

We emphasize that, within our GRPA, this is an exact re-
sult. No plasmon pole approximation has been made. In
the RPA, where G (qy) is set to zero, (3.18) reduces to

U+ U —

. (3.19)
2(1—v4Nx®) 20 —v-Nx%

vel(q,0) =

D512+ Ny N 285, (| 5|2 —5454)1/€ .
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(3.10)
f
For completeness, we note that
—% ' ]
vl (q0) =—2— [ 22 22| (3.20)
[25] | e+ e-

As we shall see later, this leads to an effective interaction
between electrons in different sheets in a given cell which
is quite different from the intrasheet-induced interaction
as determined by (3.18).

IV. PLASMON BRANCHES IN SUPERLATTICES:
LONG-WAVELENGTH LIMIT

In this section, working mainly in the long-wavelength
limit, we examine the new kinds of superlattice plasmons
which arise when we have two and three sheets/unit cell.
For simplicity, we shall work with the RPA formulas of
Sec. II.

For a single sheet/unit cell the dispersion relation is
given by (2.11). The structure of (2.11) has been studied
extensively in the semiconductor literature, usually with
the high-frequency approximation

12
13 (qn,0) = N*quz »
m*o

4.1)

where V' is the number of electrons in a sheet. In the
long-wavelength limit (§=v), the zeros of (2.11) are
given by

2 2 gt
0F =0, | —— 4.2)
P 4||2+11z2
where w}=4znge’/m* and np=N'/Ac is the effective

bulk charge density. This plasmon spectrum is acoustic
for g, =0, with an effective velocity given by (w,//q.).

The minimum velocity (i.e., the lowest-energy acoustic
plasmon) corresponds to a charge fluctuation of opposite
sign in alternate sheets.!> In this case, the low-g result
(4.2) is not valid and we must start with (2.11). For
qic < 1, calculation gives

2—=2

2(q —H/C)_%qu =v qu . 4.3)

Smce the 2D Fermi velocity is related to the density by
v3r=2zn/(m*)?, we conclude that

2
V2F m_| 4o
2 m 120 4.4)
v? m* [26‘
where ag=1/(me?)=0.52 A is the Bohr radius. In the
high-7T. oxide superconductors, one has typically

¢==10-15 A and thus we conclude that v,z <v. That is
to say, the lowest-energy acoustic plasmon in a superlat-
tice with a single sheet/unit cell is still far above the
particle-hole continuum, which starts at v,rqu. We con-
clude that while the g, 0 modes form a band of acoustic
plasmons, they are of comparatively high energy.

We next turn to the case of two sheets/unit cell and dis-
cuss the zeros of € as given by (2.10). As we noted in ear-
lier sections for the case of two identical sheets, the two



kinds of plasmons w+ are given by the zeros of e+.
These correspond to the solutions of

v+l(q) =N (qu,0+), 4.5)

(4.6)

5 _l(q) =N;z?(qu,w—) .

. (]
Nar(i) [w? —vzzp(i)qnz

1 1/2
IRGX%(QN,CU) = ]

—Ny(i), o< sz(i)qu,

@
[vzzp(l')qu2 )

Nar () ,
%Imlgi (qi,0) =1 21

0, w>virliq.

\

Here N,r(i) is the density of states at the 2D Fermi sur-
face of sheet i and v,£(i) is the associated Fermi velocity.
In a 2D free electron gas, we recall that Ny(ep) =m*/n
and n=k?/2x, where n is the electronic surface density
N'/A. In this long-wavelength limit, the particle-hole con-
tinuum extends to varq.

A graphical solution of (4.6) using (4.7) shows that the
o - solution is pulled down in energy compared to the
solution of (2.11) which for small g reduces to

1
v(q)

=N,y (qu, o) . 4.9)

Since v - (q)— 0 in the long-wavelength limit, it is clear
that w-(q) will be close to varqy. In contrast, the w4+
solution of (4.5) is shifted to higher energies, approaching
the plasmon branch given by (4.2) in the g— 0 limit (ex-
cept that ng is now 2N/Ac, since there is now two
sheets/unit cell).

Working out the full-density-response function'' for
two identical sheets, we find

2N, 29
2 (@) =22 [1 = N, 29(5 —Red)] .
€+€—

(4.10)

For g, =0, v is real and the - factor in the denominator
on the right-hand side of (4.10) cancels a similar factor in
the numerator, leaving

2Nslg

(a0, =0) g, =0) " “4.11)

xnn(q) =

That is, for g, =0, only the w4+ (g, =0) mode is a pole of
the full-density-response function. The w—(g; =0) mode
cancels out completely. This result is valid for arbitrary
values of d (such that 0 < d, < ¢) and for any q;.

Further insight into the two-plasmon mode solutions
o+ of (4.5) and (4.6) is obtained by considering the spe-
cial limit when d;—c¢/2. In this case,'? the plasmons
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These are obvious generalizations of the case for one
sheet/unit cell. These modes reduce to the ones given in
the literature ' when one uses the high-frequency approxi-
mation (4.1) for x9. Especially for the w— solution, it is
better to use a more accurate approximation for the 2D
Lindhard function. In the long-wavelength limit ¢ <kp,
this is given by

=1}, o> vzp(i)Qll,

4.7

o <vyr(iqy,

(4.8)

f
must reduce to those of a superlattice of reduced spacing
¢/2. Calculation shows v is real for d;=c/2 and thus
xnn(q) is once again given by (4.11) but now for arbitrary
q:. That is, the w—(g,) mode (zero of e_) exactly can-
cels out of y.,(q). However, we recall that the allowed
values of g, are determined by the Brillouin zone and
hence the G, spectrum. One may show that

4re?
v+(q) =2 ————— |
P i+ (. +G.)?

4.12)
where the sum is now restricted to G, =(even)2x/c. We
see that effectively the reciprocal-lattice vectors are given
by n2n/d,. Thus the BZ for the w+(g,) mode is now ex-
panded from n/c to n/d, and this accounts for the “miss-
ing” @ — modes when d| =c/2.

The preceding results are general in that no specific ap-
proximation for y? was really needed. For illustrative
purposes, we now consider the w+ branches using the
long-wavelength limit given by (4.7). The solutions of
(4.5) and (4.6) are found to be given by

2 5 2(1+ai)2

- , 4.13
©% =virqi . (4.13)

where a + =v +m™*/nc. For qic <1, one finds
ve=20(q), v-=2re%d(c—d)). (4.14)

The expression for v — is valid for g, =0 and g, ==/c. For
the cases of interest, @ + >>1 and we obtain from (4.13)

2

2 2 qi

0i(qQ) =20)———, (4.15)
P q%+q2

z

M] . (4.16)
[

wz_(q) =022pq||2 [m*ezdl

We see that the w— branch occurs at a much lower fre-
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quency than the w+ branch. Numerical calculations in
Sec. V for arbitrary values of q; and g, show that in fact
the w-(q) branch is almost independent of g, for d| K¢
and is essentially identical to the acoustic plasmon w -
mode of an isolated bilayer.?> This corresponds to the
¢— oo limit (in which case, only the g, =0 mode remains)
of our superlattice model. We refer to Sec. V for further
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discussion.

We next turn to the case of a trilayer unit cell composed
of two identical outer sheets (at z, =0 and z. =2d,) and a
different sheet at z, =d ;. Apparently such a trilayer basis
has never been studied in the semiconductor superlattice
literature. The trilayer superlattice RPA dielectric func-
tion e(q,w) derived in Ref. 11 reduces to

€(q,0) =1=N.5 QxS +2%) + (Nx2) 252 — | 5Q2d ) |21+ 2N 2 8) (N2 9) [62 — | 5(d ) |2]

+ Ny 2) 2Ny 9 265 | 5(d ) |2+5 | 5Q2d ) |2 — 53 —2Rel5(2d ) 5* (d )5 * (d )]} .

In discussing the three plasmon zeros of e(q,w), for
simplicity we consider the ¢ — oo limit. In actual fact, we
shall see that two of these modes involve charge fluctua-
tions which are weakly coupled to those in other cells and
thus they are essentially identical (assuming d;<c) to
those of an isolated trilayer. In this limit, (4.17) can be
reduced to [using (2.17)]

€(q,0) =1—2x,+x, +x2(1 —e 1)
+2x,x5 (1 —e 29y — x 25, (1 — ~21I1)2

(4.18)

where we have defined x; =N, x3 (q,®)vap(qy). This can
be written in the form given by Mahan and Wu?!

e(qo) =c,-(e,+ —xp€s-) , (4.19)
where €, + is defined in (3.12) with
v+ =vyp(l ke 29 (4.20)

The first factor in (4.19) corresponds to a plasmon mode
in which the two outer sheets have out-of-phase charge
fluctuations while the center sheet is undisturbed. We
shall denote this as the @ — plasmon mode, in analogy with
the mode which occurs in a bilayer. In the long-
wavelength limit d,q, <1, the dispersion relation of this
o - mode is given by

2

or ot =virqt(m*e?2d,), (4.21)

1
x 2q.d,

exactly the same as the w — mode in the case of two layers
separated by 2d; [see (4.16)].

The second factor on the right-hand side of (4.19) has
two zeros. They are easily found in the gyd; <1 limit if
we assume all three sheets are identical. One corresponds
to

(4.22)

\ ) 2nnge’
x=3 or =3 9] -
m

This is the w+ plasmon mode of a trilayer in which the
charge fluctuations in all three sheets are in-phase. In ac-
tual fact, the coupling of the unit cell in a superlattice

4.17)

f
dramatically renormalizes this mode. In the long-wave-
length limit, the true w+ mode is given by the solution of
(G=v=v)
e(q,0)=1—3N,xv(q). (4.23)
The solution of this is identical to (4.2) except the
effective charge density is not multiplied by 3. This
plasmon corresponds to a charge fluctuation in all three

sheets which are in-phase. The other zero of the second
factor in (4.19) given by

or wi=v¥qi(3im*e?d,). (4.24)

x=
2d1q)

This mode corresponds to charge fluctuations on the mid-
dle sheet oscillating out-of-phase with those of the two
side sheets.

It is these low-energy acoustic plasmons w- and w;
which are the new feature of a superlattice with a basis of
three sheets/unit cell. When the spacing between the
sheets (d)) is much less than the superlattice period c,
they are well approximated by the analogous modes of a
single trilayer. These features will be in evidence in the
numerical results we present in Sec. V. In contrast, the
high-energy plasmon branch'3 w4 is strongly renormal-
ized by the Coulomb coupling between neighboring cells
in the superlattice. We also note that the three plasmon
bands will merge into one as d;— ¢/ 3.

As discussed in Ref. 11, Eq. (4.17) can be used to dis-
cuss the plasmons in Y-Ba-Cu-O by taking the middle b
layer to be a plane of 1D metallic chains (along y axis).
In that case N,x%(qi,@)— N.x{(g,,»), where z{ is the
Lindhard response function for a 1D electron gas and N,
is the number of chains/unit volume. There is always a
mode corresponding to out-of-phase charge fluctuations in
the outer sheets, uncoupled from the middle layer.?! In
Ref. 10, we only discussed the long-wavelength plasmon
modes given by the zeros of

e=1— QN %+N.x"v(q). (4.25)
In the case of an isolated trilayer?' described by (4.19),
this means we did not discuss the acoustic plasmon zero of

€,— but only the zeros of the second factor [which reduces
to (4.25) in the long-wavelength limit].
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V. PLASMON DISPERSION RELATIONS AND EFFECTIVE ELECTRON INTERACTION: NUMERICAL RESULTS

In this section, we present some numerical results for the zeros of e(q,w) for the case of two and three metallic
sheets/unit cell. In the GRPA using the approximation discussed in Sec. III, the dielectric function for a superlattice

with three sheets at (z, =0, z, =d, and z. =d,) is given by

63((],(0) = fcl‘(ftlzel; _NslgNsll(z) l 6(dl) |2) “flgNsX?Nslt(x)l E(dZ) |2_fz’1NsZL9NsXI())| E(dZ'—dl) '2

— NsxdNs 28Nz 2Rel5(d2)5* (d)o* (d, —d )],

where ¢/ is defined in (3.8). This is a natural generaliza-
tion of the RPA result given in Sec. IV. For two sheets (a
and b), it reduces to the result given in (3.7), which we
will denote by €. In our calculations, we use the exact ex-
pression for the Lindhard function of a 2D electron gas.
In addition, the charge density is chosen to be the same in
each sheet, n, =1.5%10'%/cm? This is the sort of value
appropriate to oxide superconductors.

Figure 1 shows the zeros of the real part of ¢, for two
identical sheets separated by dy =3 A and a superlattice
period of ¢ =15 A, using the RPA. One has two plasmon
branches o+ (qi,q.) corresponding to the zeros of e+
=1-v J_rNsxO. For a given wave vector qy, there are N
plasmon modes in each branch labeled by ¢.(—n/c <gq.
< r/c). In fact, one finds that the w—(qy,g.) mode are
essentially degenerate, with almost no dependence on gq..
This is because the w — mode involves out-of-phase charge
fluctuations in the two sheets in a given unit cell. As a re-
sult, there is essentially no net charge fluctuation which
can couple into the other superlattice unit cells. This be-
comes more pronounced as the separation d; becomes
much smaller than ¢/2, as it is in the oxide superconduc-
tors. As d; increases towards c¢/2, in contrast, the o -
branch broadens into a band and the “energy gap” be-
tween the w+ and w— branches disappears (see also Ref.
12).

As one example which might be relevant to Y-Ba-Cu-O

5.0 T T T T T T T
BASIS: 2 SHEETS
c=15A
40 1
__30f .
>
2
3 20F 9.0 .
Q=7
o Y w- P-H CONTINUUM
2k g
O 1 1 1 1 L 1 ‘ 1
[0} 0.2 04 0.6 0.8
q,(A )

FIG. 1. Plasmon modes o + (qu,g;) as a function of the wave
vector gy, for a superlattice (period ¢ =15 A) with a basis of two
identical sheets (separated by d; =3 A). In all figures, the sheet
density of electrons is n, =1.5x10'%/cm?2 In Figs. 1-4, we plot
the plasmon modes for both g, ==0 and z; =n/c. The w—- modes
have almost negligible dependence on g,. These results are
based on the RPA results in (4.5) and (4.6) and should describe
the CuO; planes in 2:2:1:2: superconductors.

5.1

f

superconductors,?' if we ignore effect of the CuO chains
(see, however, Ref. 11), one has two CuO; sheets separat-
ed by d=3.4 A in a superlattice unit cell with c=11.7 A.
To the extent that we can ignore charge fluctuations in the
BiO and TIO bilayers, the 2:2:1:2 materials may also be
viewed as superlattices with two CuQ, sheets/unit cell. In
Bi 2:2:1:2, we have ¢=15.4 A and d,=3.2 A; in Tl
2:2:1:2, c=14.7 A and d,=3.16 A. Thus in both cases,
we have d1/c~1/5 [as in Fig. 1]. In the first paper in Ref.
12, numerical plots are given for the i+ plasmon
branches [for di/c =1/3, see Fig. 3; for d\/c=1/4, see
Fig. 5; for these ratios, the o -(qy,g.) modes form a band
of finite width].

In Fig. 2, we show the plasmon-dispersion dispersion re-
lations as given by the GRPA dielectric function (3.7) in
conjunction with (3.2). As expected, both plasmon
branches w+ disappear into the particle-hole continuum
at a much lower value of the wave vector g;.

We next turn to three equally spaced identical
sheets/unit cell (d,=2d,) with d,=3 A and c¢=18 A.
These numbers are appropriate as a model for the 2:2:2:3
superconductors. As shown in Fig. 3, there are now three
plasmon branches. Again, because d|<c, the two low-
frequency plasmon branches are well separated off from
the high-frequency w+ band and are essentially indepen-
dent of g,. The higher branch is the analogue of the @ -
mode in Fig. 1. The new branch (which we label by w3) is
lower than the w — plasmon. In Fig. 4, we show the analo-
gous modes in the hypothetical case where ¢ =40 A. The
@3 mode is unchanged while the @ — band sharpens up and
loses all dependence on g, as expected.

In Fig. 5, we plot the real part of €,(q,) as a function
of w for two identical sheets (as in Fig. 1). The fact that

50

T T T
BASIS: 2 SHEETS
°

c=15A

4.0 GRPA 7

30

w(eV)

20

P~-H CONTINUUM

! 1 1

1
[0} 0.2 0.4 06 08
o
q“(A")

FIG. 2. Plasmon frequencies as a function of the wave vector
q1. Same as in Fig. 1 except that GRPA is used [see (3.7)].
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2.0
1.0 P-H CONTINUUM
o L I L L
(0] 0.2 04 06 08

q”(z")

FIG. 3. Three plasmon branches as a function of the wave
vector g, for a superlattice (period ¢ =18 A) with a basis of
three identical sheets (separated by d; =3 A). These results are
based on the RPA dielectric function (4.17). The plasmon
modes for 0 < g, < n/c form a band. These results should de-
scribe the CuO; planes in 2:2:2:3 superconductors.

€, is only negative between - and w4 is easily under-
stood using the factorized form ¢;=¢e+€e—, where €+ is
defined by (3.12) and v + =3 *+ |5 |. A similar plot of the
real part of €3(q,w) for three identical sheets (as in Fig.
3) is shown in Fig. 6. In both figures, the particle-hole
spectrum (for g, =n/c) starts at 0.67 eV.

In the RPA, the effective interaction in a superlattice
with a basis of two identical sheets are given in (2.9),

_ 5—@G2—|5|DNx°

v (q,w) .
2
=l[31+3‘—]. (5.2)
2| e+ €—

In Fig. 7, we plot this potential (normalized to 5). It is
attractive for frequencies just below w+ and below w—, in
spite of the behavior of Ree; in Fig. 5. By way of contrast,
vE given by (2.9) in the RPA limit is quite different.

5.0 T T T T T T T
BASIS: 3 SHEETS
c=40A

0] 0.2 O.4° 0.6 0.8
q,(A™

FIG. 4. Plasmon modes in a superlattice with a period of 40
A and a basis of three identical sheets (d; =3 A). In compar-
ison with Fig. 3, the plasmon bands are much more narrow, as
expected.
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q”=1r/c ,Qp=7/C
8 TWO SHEETS B

w+

1

2 1
0.75 1.00

! 1 1

1
.75 2.00

] |
1.25 1.50

w(eV)
FIG. 5. The real part of the dielectric function €(q, ) for the
superlattice described in Fig. 1. In Figs. 5-7, we take
qu=g: =n/c.

From Fig. 5, we see that it will be only attractive in the re-
gionw-<owo<w+.

The preceding numerical results suggest that because
the spacing between the CuO, sheets is so much less than
the superlattice period ¢, the low-frequency plasmon
branches are essentially identical to those of an isolated
bilayer (see, for example, Ref. 22) or trilayer. In contrast,
the high-frequency plasmon branch w+ can be treated as
if the spacing of the sheets in a unit cell was effectively
zero. That is, the w+ plasmon branch is the same as for a
superlattice with only one sheet/unit cell but with a
charge density either two (bilayer) or three (trilayer)
times larger.

Using this simplification in the case of two sheets/unit
cell, we can easily derive an analytic expression for the
effective intrasheet electron-electron interaction vS using
(3.16) and (2.15). For the € pole, we use the d; =0 ap-
proximation, in which case

v =25(q) —G(g)vap

2sinhgc
=p)p | ——————=Gq) |, (5.3)
coshqc —cosq,c
T T T T T
ok q”=1r/c;q,=1r/c i
THREE SHEETS
I+ 4
3 R
tc o e —
w (AJ3 w- Wy
Q
o
Sk 4
-2 4
L L

1 1 1
075 100 125 .50 175 200 225

wleV)

FIG. 6. The real part of €(q,w) for the superlattice described
in Fig. 3.
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while for the ¢ pole, we use the ¢ = o approximation and
hence
v =vypll —e “"'—G(g1)]. (5.4)

One finds after some calculation that the contribution of
the €'+ branch to v (/ —I'=0) is given by

inh Reb’
vﬁ-ﬁ(l—l’-O;qu,w)-lvZDsm qucsgn( cb)
2 b'2_1
2N 0
+ L Lw@ Ny = (5 )
2 1+v,pGNx

where

2v2pN,x%(q), @ )sinhgc
14+v2pG(qi) N x%(q,0)

b'=coshqc — (5.6)

This reduces to the RPA result obtained in Ref. 17 when
we set G(q;) =0. We note that the region —1<b'<1
corresponds to the w’4 plasmon band (b'=1 corresponds
to g, =0 and »'= —1 corresponds to g, =x/c). In (5.5),
we have a negative-square-root singularity for b' < —1
and thus an effective interaction which is attractive for
o < 0t (qu,q; =n/c).

The analogous contribution of the ¢~ pole in (3.18)
based on (5.4) is given by

vap(1 —e ~7) 4+ N, 2%(vyp) 21 —e ~ 1 = G (q))]
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FIG. 7. The effective RPA interaction Revsl in (5.2) be-
tween electrons, as a function of the frequency, for the superlat-
tice described in Fig. 1. The results are normalized with respect
to i(q) given in (2.6), the value it would have without any cou-
pling to charge fluctuations. RevSl is very small but positive for
0=<05eV.

5.7

v (I — ' =0:q), ) -%

This is identical to the contribution of the low-frequency
" plasmon of an isolated bilayer in the GRPA. We note
that v *f is negative (attractive) for o < 0’ (g)).

Of course, rather than using the approximate analytic
forms (5.5) and (5.7), one can always use the full GRPA
expression given in (3.18) and carry out the g, integration
in (2.15) numerically.

Similar results can be obtained, using (3.15) in (2.16),
for the contribution of the @’ plasmons to the induced in-
teraction between electrons in different sheets of the same
unit cell.

VI. CONCLUDING REMARKS

In this paper, we have given a detailed discussion of the
plasmon modes in a superlattice with a basis of two or
three metallic sheets. As we argued in an earlier paper, !
this model seems appropriate for the oxide superconduc-
tors. In the present work, we have gone past the usual
RPA and have included local-field effects due to exchange
and correlation (in a simple Hubbard approximation).
More generally, we have emphasized that if one has n me-
tallic sheets/unit cell, one will have n—1 low-energy
(essentially acoustic) plasmon branches for a given wave
vector q. These are in addition to the high-energy
plasmon branch, '> which involves strong coupling between
neighboring cells in the superlattice. Our numerical stud-
ies show very dramatically that if the spacing between the

1—vypll —e "9 —G(g) 1INy

[

sheets (d,) is much smaller than the superlattice period
(c), the n—1 low-energy plasmon modes involve charge
fluctuations in a given cell which are only weakly coupled
to other cells. Thus they can be described using an isolat-
ed cell of n layers (such as a bilayer or trilayer).

Clearly our treatment of the band structure of the elec-
trons in a given CuQ; sheet needs improvement. Howev-
er, the physics we have tried to emphasize is that arising
from the Coulomb coupling of charge fluctuations in
different sheets. When a better theory of the charge fluc-
tuations in a given CuO; sheet becomes available, it can
be incorporated into our analysis.!' One can easily gen-
eralize our results to metallic sheets with two components
or bands (see Fetter in Ref. 13).

The most relevant previous work on the plasmon-
induced electron-electron interaction worked strictly
within the RPA and was concerned with either a superlat-
tice with a single sheet/unit cell,'” an isolated bilayer,?° or
an isolated trilayer.?! Our work reduces to the results of
Refs. 17 and 21 in the appropriate limits.

The direct observation of the acoustic plasmon branches
we have predicted (by high-resolution inelastic electron
scattering or some other technique'®) would be a useful
way of confirming the metallic properties of the CuO;
sheets. In addition, if the Bi,O, or T1,0; bilayers are me-
tallic (as suggested by band-structure calculations’ ),
they would give rise to an additional low-energy plasmon
mode (see Appendix B for further discussion).

In future work, we hope to use results such as (5.5) and
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(5.7) to see how effective superlattice plasmons are for
Cooper pairing in the oxide superconductors. In conclud-
ing, therefore, we briefly review the current status of
plasmon-induced pairing studies. In bulk metals (both 3D
and 2D), it is well known that the simple exchange of
RPA plasmons by an electron can lead to anomalously
large pairing.?*?% Indeed, it was found?’ that the method
used by Takada?* [the Kirzhnits-Maksimov-Khomskii
(KMK) approach to solving Eliashberg’s integral equa-
tions] gave rise to a considerable underestimate of T,.
However, when one includes vertex corrections in the elec-
tron self-energy and goes past the RPA, plasmons are
found to be much less effective as a pairing mechanism. 2%
In the case of a single 2D metallic sheet, similar results
have been recently reported by Canright and Vignale.'®
In particular they found that within the RPA, one ob-
tained strong pairing in the low-density limit, but that this
was not the case when one worked with an effective
electron-electron interaction given by the GRPA [Eq.
(3.11) with 5, =vp(1 —G)1.

The question which still remains is whether the situa-
tion in superlattices is more conductive to pairing. Com-
paring the situation with that in conventional supercon-
ductors,?’ one can think of the first term in (3.18) as the
analog of the dynamically screened Coulomb interaction
while the second term is the analog of the lattice phonon-
induced interaction. The characteristic frequencies are
set by w+ and -, respectively. We expect that the
high-energy + plasmon branch!® will not be an
effective-pairing mechanism when one goes past the RPA.
Whether the low-energy - plasmon branch is more
robust requires more study. At present, two relevant RPA
calculations have been reported but the situation is some-
what unclear. Giuliani?®® has discussed plasmon-induced
pairing in an isolated bilayer but since he made use of the
KMK approximation, the results are not definitive.
Mahan and Wu?' have given a detailed discussion for a
trilayer (two outer CuQO; sheets with a middle layer of
parallel CuO chains) such as occurs in Y-Ba-Cu-O ma-
terials.'® However they found no pairing in their RPA
analysis and, moreover, gave various arguments why one
would not expect it in a BCS-plasmon exchange model.
This is puzzling since it appears to be in sharp conflict

with all of the literature on this topic. '>2%24~26 Moreover,
|

U:S[(va)={i’._ slb[v _Iv(dl |2]_ slc
+N:szsZc

where €3 is the RPA superlattice dielectric function for
this system. For the special case of 2 =20, ¢; reduces to
the expression given in (4.17). If we further work in the
¢— oo limit .(i.e., the trilayers are isolated), & and v are
given by (2.17). In this case, (A2) can be shown to sim-
plify to the expression S, given by Mahan and Wu.?!

APPENDIX B

Let us consider a superlattice model for the 2:2:1:2-Bi
superconductor where the superlattice unit cell is viewed
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Mahan and Wu?! do not give any convincing arguments
why the effect of short-wavelength plasmons should be
any different than long-wavelength plasmons.

We feel that the GRPA results of the present paper will
be useful in extending the calculations of Canright and
Vignale, '® and hopefully help to settle the question wheth-
er the low-energy acoustic plasmons which occur in super-
lattices with a basis are responsible for the high supercon-
ducting transition temperatures in the oxides. We note
that 7. increases’”® with the number of metallic
layers/unit cell, as does the number of acoustic plasmons
which might give rise to pairing.?
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APPENDIX A

In the case of a superlattice with a basis of three equally
spaced metallic sheets (z, =0, z, =d,, and z. =2d,), one
finds the effective electron interactions satisfy the coupled
RPA equations

€SN —5(d )N xSvsf — 5Q2d )Ny o0& =5 ,

—o5* (d )N xQ+ el — 5(d )Nz 20 =5*(d,) ,

—o 5% 2d\ )N 22 —5* (d ) )N xfvsl + e v ST =5%(2d)) .
(A1)

These are the equivalent to Eq. (2.8) for a bilayer basis,
and similar notation is used. Solving these coupled equa-
tions, one finds, for example,

— lv(2d| |2]
[62—215(d))|?%5— |5Q2d,) | 2%56+2Re5 (2d)5* (d1)5*(d )} /e,

(A2)

T

as having a single Bi,O; metallic bilayer and two CuO,
sheets. To the extent that we work in the long-wavelength
limit, the dielectric function simplifies to the first two
terms on the right-hand side of (4.17). Generalizing to n
CuO; sheets/unit cell for Bi,Sr,Ca, —104+2,, the zeros of
€ are given by the solutions of (gc < 1)

(B1)

v(q)
where, for example, yQ.0 is the 2D Lindhard function
describing the relavant Landau quasiparticles of a CuO;
sheet.

=N, [nx2.0(qu, @) + x8i0(q, @)1,
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It is clear from (4.7) that there are only two solutions of
(B1), one low-energy superlattice plasmon mode and the
usual high energy superlattice plasmon. That is, (B1)
does not exhibit the expected n—1 additional low-energy
plasmon modes. One has to keep the higher-order terms
in (B1) to pick up these, as we discussed in Sec. IV for the
case of three CuO; sheets.

The low-frequency plasmon solution of (B1) will be
denoted here by w;(q). From available band-structure
studies,” "2 we have v,r(CuO) <v,-(BiO) and thus the
w3 plasmon will occur in the window

v2r(Cu0) gy < w3 < v2r(BiO) g . (B2)

It is useful to make a graphical plot of the right-hand side
of (B1). Making use of (4.7), we have for w in the win-
dow given by (B2)

1 1 [0)
=— | nN,r(CuO) -
v(g) ¢ [ 2F [[cuz—-vzzp(CUO)q{i"]‘/2
— N, (BiO)| . (B3)

The solution of this is given by

w3(q) =S (q,n)v,r(CuO)qy, (B4)
where

) 1/2
o= [L] ®5)
1=f
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and
flg,n) = q2+47re2[nN2p(CuO)+N2F(BiO)]/c
’ 4re’nNr(CuO)/c
N,r(BiO)
=14 —
nN,£(CuO) (B6)

The last line assumes we are working in the limit
g < gfr, where gt is effectively the Fermi-Thomas wave
vector in this problem. We note f(q,n) decreases as n in-
creases and thus S(n) increases with n. Of course, since
w3(q) is in the window (B2), we must have

vor (BiO)

UZF(CUO) ) (B7)

S(q,n) <

We also remark that the w3(q) acoustic plasmon in (B4)
is only damped due to coupling with the BiO bilayer
particle-hole excitations (i.e., it would be independent of
n).

The question of whether the Bi,O; bilayer is metallic is
still controversial. The observation of an additional
acoustic plasmon branch whose frequency varied with the
number of CuO, sheets in a unit cell as predicted by
(B4)-(B7) is one way of answering this question . In this
connection, we note band-structure studies?® suggest that
the Bi»O; bilayer is not metallic in Bi 2:2:0:1 but is metal-
lic in Bi 2:2:1:2 and 2:2:2:3. In connection with a pairing
mechanism due to low-energy plasmons, ?® this gives a nat-
ural explanation of why T is so low in Bi 2:2:0:1 (10 K)
as compared with Bi 2:2:1:2 (85 K) and 2:2:2:3 (110 K).
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