PHYSICAL REVIEW B

VOLUME 39, NUMBER 1

1 JANUARY 1989

Plasmons and high-temperature superconductivity

G. D. Mahan
Department of Physics, University of Tennessee, Knoxville, Tennessee 37996
and Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Ji-Wei Wu
Department of Physics, University of Tennessee, Knoxville, Tennessee 37996
(Received 7 April 1988)

Long-wavelength charge fluctuation models are constructed for 1:2:3 superconductors.

These

include planar plasmons (cu~\/q—) plus numerous acoustical plasmons (w~g¢q). We show that
these modes do not cause pairing of electrons into a superconductor state. Our results rule out in-
terlayer and intralayer pairing by long-wavelength charge fluctuations.

I. INTRODUCTION

The discovery of high-temperature superconductivity
has renewed interest in this field.! Particularly exciting
are the 1:2:3 materials such as YBa;Cu3;0; which have
transition temperatures near 95 K.*3 There is much
theoretical interest in the mechanisms which cause the su-
perconductivity at high temperature. Numerous experi-
ments indicate that the electrons are paired with an ener-
gy gap.* The absence of an isotope effect’ ™’ suggests
that the electron-phonon interaction is not causing the
electrons to pair. Thus, the materials appear to behave
like ordinary Bardeen-Cooper-Schrieffer (BCS)® ™10 su-
perconductors, but the pairing force may not be phonons.

There have been numerous suggestions of other pairing
mechanisms. Many theories are built around spin fluctua-
tions'' 71> while others depend upon charge fluctua-
tions.'*~2° Here we provide a critical examination of the
charge-fluctuation theories. At long wavelength the cou-
pled chains and planes have numerous planar (0~+/g)
and acoustical (w~gq) plasmon modes. We have careful-
ly examined their role in pairing electrons, and have con-
cluded that they do not cause pairing. The reason is quite
simple: The Coulomb repulsion between electrons is quite
strong, and is sufficient to overcome any attractive force
from the plasmons. We conclude that long-wavelength
charge fluctuations cannot cause superconductivity.
Short-wavelength models such as those described in Refs.
19 and 20 are not included in our analysis, and are possi-
ble pairing mechanisms. We also cite calculations which
conclude that the pairing is due neither to spin fluctua-
tions?! nor to phonons.?> Thus, the theoretical picture is
quite muddled.

It has also been suggested that electron pairing is
enhanced when the two electrons are in different planes
—we call this interlayer pairing.?>?* We have examined
this possibility and have concluded that long-wavelength
plasmons do not cause interlayer pairing. In doing this
calculation, we also include the interlayer plasmons.

Our calculations are valid for long-wavelength excita-
tions. We use existing band-structure calculations?>26 to
construct simple analytical models of the electron energy
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bands which cross the Fermi surface. These are used to
compute the dielectric response in random-phase approxi-
mations (RPA).'® The bands in various chains and planes
are coupled only through Coulomb interactions. We find
more plasmon modes than others have reported, 14=18 yyt
they are insufficient to cause pairing. Our pairing calcula-
tions are done at two levels. One is a strong-coupling cal-
culation where we solved the gap equations®’ at zero tem-
perature for both interlayer and intralayer pairing. No
solutions are found with a finite-energy gap. Then, we
constructed analytical arguments using (a) weak-coupling
theory, and (b) McMillan-type arguments.?® Both of
these approaches also indicate the lack of pairing from
long-wavelength excitations.

In Sec. II we describe the theory of the dielectric
response function S,(g,w). For an isotropic system
S =1/¢ where e(q,w) is the longitudinal dielectric func-
tion. For a layered system, a and B are indices which
denote the planes. Poles in this function identify collective
excitations which are the plasmons. Section III describes
the pairing theory, and the unsuccessful attempts to find
nonzero solutions to the gap equations.

II. DIELECTRIC RESPONSE

The 1:2:3 materials such as YBa,;Cu3O; are planar. In
this section we derived the dielectric response of a model
system composed of two planes which have between them
parallel chains of atoms. This system of planes and chains
is meant to approximate the copper-oxide bonding system
in a single unit of the z-axis unit cell. The three-
dimensional crystal is obtained by stacking these two-
dimensional units. We treat the Y% and Ba*" ions as in-
ert charged spheres. This idealized model provides an
adequate description of the energy-band structure near
the Fermi surface.?® The chains and planes are separated
sufficiently so that they are noninteracting except through
Coulomb interactions.?® Thus, we can find the dielectric
response separately for each plane and chain. Afterwards
we couple them through the Coulomb interaction.
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A. Chains

Band-structure calculations suggest that two different
one-dimensional energy bands cross the Fermi surface.
Each band we represent by a simple cos(ka) dispersion
relation

€.(k)=C,— B,cosf,
where 6=ka. Values for the bandwidth B and band
center C are given below. The RPA response function IT;
is evaluated easily at zero temperature. The lattice con-
stant a is along the chain while b is perpendicular to it.
2 (de
M(ge)=—) —(n —
1(q,0 abfzn (nk = 1k +4)
x[lo+ek)—elk+q)+is] 7',

ImIl, (g,0) =lab (02— )17 fo, <o <o,
where
o, =2Bsin(ga/2) ,
w1 =sin(ga)[B*— (C—p)?1"2+2(C —u)sin?(ga/2) ,

and
1 (+a)(Q,—aq)
l—l [ ppe—
Refi(g,0) xQab " (,—a)(Q,+a) |’
where

Q=(el—w?)'?,

Q2= (a)f - a)f',z) iz

Some band-structure calculations show two chain
modes which cross the Fermi surface.?® The o-bonded
band has a large bandwidth with B=1.0 ¢V and C=0.7
eV. The = band has a narrow width with B=0.25 eV and
C=0.1¢eV. Figure 1 shows a’1;(g,®) for the sum of the
two bands as a function of w for several values of ga. The
real part is the dotted line and the imaginary part is the
solid line. The imaginary part for each band has a finite
width. The very narrow band at lower energy is from the
n-bonded energy bands. The wider band is from the o-
bonded energy bands. ImIl; is nonzero over a finite range
of frequencies, which does not extend to zero. For finite g
there is a gap in the excitation spectrum at low frequen-
cies. However, the Cu-O planes provide excitations which
eliminate this gap.

The other interesting feature of these bands is their con-
tribution to the plasma frequency. At large w and small g
we find for each band

2
Renl(q,w)=—2——(g?—)—[32—(c—y)2]'/2. 1)
T w°ab

The plane of parallel chains has a collective mode which is
a two-dimensional plasmon with @?~gq. This mode is a
planar plasmon. It makes a strong peak in a plot of the
spectral function S(g,0) =Im(1/¢). Since there are two
separate chain bands, there is also an acoustic plasmon
mode which has a linear dispersion w~gq at long wave-
length. We call this the first acoustical plasmon. It can
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FIG. 1. The polarization response of the conduction electrons
in a single chain. Solid line is the imaginary part of a’M, and
the dashed line is the real part. (a) has ga =0.25 and (b) has
ga=1.0. Horizontal axis is frequency in units of electron volts.
Vertical axis has units of inverse electron volts.

be deduced from Fig. 1 by the fact that Rell; crosses zero
in the low-frequency region where ImIT; =0. One can also
see that its oscillator strength is small. This strength is
proportional to (RedIl;/dw) ~! at the pole, and the slope
is obviously large in this region. The acoustic plasmon
makes a negligible peak in S(g,w). Its strength is about
1% or 2% of that of the planar plasmon. It is sufficiently
weak that we choose to ignore it. Some band-structure
calculations do not have the z-bonded chain band crossing
the Fermi surface.?® If we leave it out, the main result is
that we lose the presence of this very weak acoustic
plasmon. Thus, there is negligible difference in the
plasmon model between a three- or four-band model.

B. Planes

Each of the planes has a o-bonded band of wide width
which crosses the Fermi surface. These bands are approx-
imately half full. The Fermi surface is nearly a circle
about the zone corner— which is designated as the S
point.?> In order to have a simple band dispersion which
produces a hole Fermi surface which is circular, we em-
ploy the dispersion relation

e(k) =E0—Ak2 ,
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where Eq=1.7 eV. We assume that the unit cell is square and @ =b. That is, we ignore the distortion associated with
a#b. This simple form reproduces well the unoccupied band states, but is poor for the occupied electron states. The den-
sity of states in the band is a constant equal to 1/A. We estimate A~4.8 eV A2 The simple functional form for e(k)
makes it easy to calculate the polarizability correlation function for this band, which we call IT,(q, ).

ImIl,(q,0) =

4 A12_2 {[4A%q %k — (0 —Ag )12 = [4A%q *k} — (0 + g ) 1V
mAq

(2)

Rell:(q,w) =;—;~}—2{2qu+ [(0—Ag?) 2 —4A%q %k — [(w+Ag P 2 —4A%q kA1
natq

The square-root terms are only included when their argu-
ment is positive. Besides A, the other important parame-
ter is the Fermi wave vector which we estimate?’ to be
kr~0.7n/a. At high frequency and at low wave vector
the contribution to the planar plasmon is
2 2
Rel(g,0)~ 2 X£4° 3
v
Figure 2 shows plots of a 2I1; in units of (1/eV) as a func-
tion of w for several values of ga. The solid line is the
imaginary part, while the dashed line is the real part. The
behavior is very similar to the electron gas in three dimen-
sions, where ImIT; is linear in w for small frequencies.
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FIG. 2. The polarization response of the conduction electrons
in a single plane. Solid line is the imaginary part of a°Il, and
the dashed line is the real part. (a) has ga =0.25 and (b) has
ga =1.0. Horizontal axis is frequency in units of electron volts.
Vertical axis has units of inverse electron volts.

C. Coupling between planes and chains

We assume that the chains and planes are sufficiently
separated and that their only interaction is through the
Coulomb potential. The two-dimensional transform of
the three-dimensional Coulomb interaction produces an
interaction between planes of the form exp(—g¢ |z |):

Lo [y it
r @mn?*
vg =2me Yqeo,

where ¢ is the background dielectric constant. We are
unsure whether this important parameter should have a
low value eg~2 (electronic) or a high value e~ 10 (in-
cluding phonons).

Use the indices 2,1,3 in order to denote the top plane,
the plane of chains, and the lower plane. The c-axis sepa-
ration between planes and chains is d =4.15 A. Denote
Sep as the quantity which is equivalent to 1/e(q,w) be-
tween planes a and B. The expansion for the density-
density correlation function produces the matrix equation

Sep=e ~alza=z] +uv, 2 1,(q,0)e _q|z“_z’|S,p(q,cu) .
14
These equations are easily solved. The solutions can be
presented in compact form by defining some quantities:
Xa=vgll,, 0=qd,
V&) =1 —p(lte %),
D_V(+) _le(—)

4)

then
Su=v'/D, Si,=e~°/D,
Syu=[—=U—e 2 +xe /v N)D,
Sy=e " 2%/v D,
Sa=e °[y1+e °(0—x1/D.

Later we will discuss the coupling between the two planes
in detail. When coupling two identical objects, one is al-
ways interested in the symmetric and antisymmetric com-
ponents. Thus, between the two planes we have

S+=1(Sp+Syu)=I[1+e -5 (1 —e29]1/2D,
(5)

S—“‘;—(SZZ—SZ3)=-;-(1 —-e —29)/V(_).
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D. Plasmons

The symmetric interaction S+ has the denominator D
in Eq. (4). It has two collective plasmon modes from the
interaction between chains and planes. D is evaluated in
the limit of large frequency and for a =6

limmD=l— 3 5 5

2 2 2
®y+ _ Olg |, @3-

b
w— w w w

2 — 2
®ig=g1qCcos 0y ,

g1=4e2X B2 — (Co—u)?*1/eo,

wi+ =0} (1te %),
2 = =952AL2
wi; =gy, gr=2e’Akf/eo.

We estimate g; =30 eV? A and g, =23 eV2 A. The equa-
tion D =0 has two solutions

2

wl= 1 (0} + i) * § 0l +ol) —doiwi-1"2.

(6)

The + mode is a planar plasmon with a dispersion
w~~/g. It is denoted wp(g). The — mode has a long-
wavelength dispersion of w~wv,>9. We call it the second
acoustical plasmon w,;. We estimate its velocity as

1/2
2d, 20
298182008 F | _g7evA=1.3x10%cm/s,

Vg2 =

g1c0529+2g2

where the numerical estimate for v, is for cos6=1. Both
o, and ., depend upon the angle 6 that the g vector
makes in the xy plane. These two modes were previously
described by Griffin. '8

The antisymmetric coupling S - has the denominator
V) in Eq. (5). Setting ¥~ to zero in the plasmon lim-
it produces another mode which is called the third acousti-
cal plasmon 0,3 =w;>-. Its velocity at long wavelength is

va3=(dg,)"*~14eV A=2.1x10% cm/s .

This mode does not couple to the chains, so it does not de-
pend upon the angle 6 of the wave vector in the plane. It
is isotropic in two dimensions in the approximation that
the unit cell is square and a =b.

We have used the Fermi surface model which has four
bands crossing the chemical potential. Two one-
dimensional bands are from the chains, and two two-
dimensional bands are from the planes. Each band pro-
duces a plasmon mode. The Coulomb interaction couples
these modes. The result at long wavelength is one planar
plasmon with @ ~+/g and three acoustical plasmons with
w~gq. One acoustical plasmon mode comes from the
beating of the two one-dimensional bands. It has such a
small oscillator strength that we have chosen to ignore it.
The other two acoustical plasmon modes have much
stronger oscillator strengths.

In Sec. III we will investigate whether any of these
plasmons can serve as an intermediate boson which can
pair electrons in a theory of superconductivity. In this
pairing calculation, we shall use the “plasmon pole” ap-
proximation. Here one assumes that the coupling func-

tions S + (¢,w) have a frequency dependence given by
simple poles at the various plasma frequencies. The resi-
dues sz for the modes w; are important quantities. In
particular, we approximate

;S + =ve+ +MP2wy/ (0> — )+ MH2wa/ (0> —w3)) ,
S - =ve— + MAH20.3/ (0> —w33) , @)
where

vex =301 e %),

Mi=v,0,l0p(1+e %) — 0, (1 —e ~29)1/4T,
MAh=v,0nlol,(1—e ") =02, (1+e 72)1/4aT,  (8)
MA =v,0,3(1—e ~%%)/4,
T=[(w%++w12q)2—4w22_w|2q]]/2.

Figure 3 shows a graph of these three modes and their
coupling constant as a function of q. At long wavelength
the coupling constant of the planar plasmon goes as
M7?~1/~Jq which diverges at the origin. The coupling
constant for acoustical plasmons goes as ~¢. The results
shown in this figure are calculated from the plasmon-pole
equations (7) and (8). A more accurate way to find the
matrix elements is to calculate the complete screening
function S,s(¢,w) and to numerically find the strength of
its poles. The resulting curve is quite similar, except that
all matrix elements have their intensity reduced at large q.
Furthermore, the entire intensity of the a2 mode is
significantly reduced by Landau damping.

fw (eV)

FIG. 3. Dielectric response in the plasmon pole approxima-
tion. (a) shows the dispersion of the planar plasmon (labeled p)
and two acoustical plasmons. (b) shows the value of the matrix
element as a function of g. The matrix element for the planar
plasmon diverges as 1/+/g at small g. Inclusion of Landau
damping significantly reduces the matrix element a2.
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E. Landau damping

Plasmon lifetime is an important consideration in pair-
ing theory. One of the most important mechanisms for
causing the decay of the charge density excitations is hav-
ing them create electron-hole pairs. This process is called
Landau damping. Electron-hole pair excitations may be
created in either the chains or planes. However, the
chains have a gap in the excitation spectra at low frequen-
cy. Long-wavelength excitations can only have Landau
damping from the pairs in the planes. Pairs are created
whenever ImIT(g, ) is nonzero. Equation (1) shows that
this occurs when

4A%kEq > (w—Ag )2,

At long wavelength this expression reduces to qu; > @
where

v, =2Akr~5.5eVA=8.4x10"cm/s.

The region of Landau damping is bounded by a line with a
slope v;. The numerical value of v, is less than the veloci-
ty of the third acoustical plasmon, and we conclude it is
undamped. The planar plasmon w, is also undamped.
The second acoustical plasmon has a velocity that depends
upon the angle 6 that the wave vector makes in the xy
plane. The velocity vanishes in the y direction. The mode
is undamped for |cosf#| =1, and is damped when
cos@=0. So the mode is damped for plasmons headed in
the y direction and is not damped for plasmons headed in
the x direction. The first acoustical plasmon does have
Landau damping, which is another reason it can be
neglected.

III. PAIRING THEORY

In Sec. IT we derived the excitation spectra for charge-
density fluctuations in a system of three layers: two paral-
lel planes, with another plane of chains midway between
them. The parameters are chosen to model the 1:2:3 su-
perconductors. Here we include these excitations in a
strong-coupling theory of superconductivity. Our goal is
to determine whether they can provide the intermediate
boson which pairs electrons into the superconducting
state. Our conclusion is that they do not cause pairing.

A. Gap equations

Our calculations utilize the strong-coupling theory of
superconductivity. We introduce functions which describe
the correlation between electrons of wave vector k, spin o,
and band index /

Gu'(k,‘t - 1.") = -(T,cklo(r)cfz,,(r')) N
)
Firlk,1—1")=(Twc -1 (t)cr (7).

They are used to define self-energy functions in the super-

conducting state

Tk i) =
wELIK Q)

lZSu'(q,iq)
Big
xGuk+q,ix+iq) ,
, (10)
. d .
Wik, ix) = —fa%uq;;— %Su'(q,zq)
xFyp(k+q,ix+ig) .

Phonon contributions are omitted, since the goal is to ex-
amine whether electron-based charge-density fluctuations
can cause superconductivity. The quantities Sy are the
interlayer screening functions which were derived in Sec.
II. The standard gap equations are extended to include
the coupling between different planes:

ik —&)Gylix) + 2 (ix) G (i)

+ Wm1(iK)F1Tm (i) =6y,
an
G+ &) FGx) + ) (— i) F L Gic)

+ W/jn (ik)Gmrlix) =0,

where one sums over the index m. In three dimensions,
the standard strong-coupling theory for electron-phonon
interactions utilizes the fact that the self-energy Z(ik) is
an antisymmetric function of the imaginary frequency ix.
That approximation is not obviously valid when applied to
plasmon excitations. The issue here is of energy scales.
An important ingredient in providing that X is antisym-
metric is the fact that the phonon energies are all much
smaller then the Fermi energy of the electron system.
However, plasma excitations have an energy scale which
is the same as that of the Fermi energy. That is, the com-
plex gap function A(w) depends upon frequency. Experi-
ments show that the magnitude of A is small—on the or-
der to 10 meV. However, the issue here is the range of en-
ergies w over which A(w) has finite values. This range is
large if the pairing is due to plasma excitations. Over that
large range £ may no longer be antisymmetric. The self-
energy T can be divided into a symmetric and antisym-
metric components. The symmetric part just renormalizes
the kinetic-energy term £&. We shall assume that this re-
normalization does not change between the normal and
superconducting states. Thus, we only consider the an-
tisymmetric parts of this self-energy. Then the renormal-
ization coefficient Z is defined in the usual way as
ix—XZyp=ixZy.

For a single band the gap equations are well known.
Let z =ikZ,
z+ - W
22_22, F=— o Er=£2+ w2 (12)
Next consider the case of two bands. It was suggested
that pairing might be easier between electrons in different
planes, since then the Coulomb repulsion is reduced. 24
This case is considered. The two bands are one in each
plane, and they have identical dispersion. They are la-
beled 2 and 3. At first it appears obvious that G2, =G33
and F,; =F3;. The relative phase between U,3 and U3, is

G=
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less obvious, where U is G, F, W, or Z. The correct choice

for singlet pairing is U3 =U3,. Other p0531ble choices of

phase are related to possible triplet pairings?® which we

shall not consider. These solutions are most simply ex-

pressed by defining U + =(U, = U»3)/2:

—Wx+

—e- el

(13)

These functions are used to evaluate the symmetric and
antisymmetric self-energies. For example, the results for

- 22i_§2_|W+|2’ __zz+

W + are
Wi=— (7% —Z(F+S++F S-),
(14)
W_——f(2 TR —Z(F+S +F-S4).

The screening functions Si were derived in Sec. IL
Similar equations define X, + with F replaced by G. These
set of equations provide a self-consistent definition of the
correlations functions F + which are only nonzero in the
superconducting state. They form the basis for the
remainder of our discussion.

B. Weak-coupling solutions

The above set of equations have been solved numerical-
ly at zero temperature using the screening functions de-
rived in Sec. II. No solution was found which had a
nonzero value of the energy gap A(w)=W/Z. We con-
clude that these plasmon excitations cannot cause pairing
for a superconducting state. Since our conclusion is
negative— no solution is found—it is always open to the
criticism that there is a solution which we missed. There-
fore, we have constructed other arguments which also in-
dicate the lack of pairing. The first of these arguments is
presented here.

The key to the entire discussion is the lack of screening
on the direct Coulomb interaction. This repulsive term
becomes large and cancels any attractive force from the
various plasmons.

The weak-coupling solutions are meant to provide a
model similar to the original one of BCS. Here we call
Z =1 and the gap function W =A is a constant. This
model works well in the limit of weak coupling.

The first case we consider is simple. There is a single
band and a single plasmon. We use the form of the gap
equations in Eq. (11). For the screening function we use

S(g,w)=1+w}/(w*—w?). 15)

Evaluating the Matsubara summation at zero tempera-
ture gives

%ZS(q,iq)F(p +q,ix+ig) =A/2(E+w,) .
Lq

The gap equation for a single plasmon band becomes

A dzq Vg
A=—= —) (16)
Q2n)? E+awp

The integral is a positive number since every factor in it is
positive. Therefore, it is impossible to satisfy this equa-
tion since a positive number cannot be equal to a negative
one. Thus, a single band of electrons cannot become su-
perconducting through the interaction with a single
plasmon mode. Note that this argument does not depend
upon the dimensionality of the band nor the plasmon. The
result applies also to three dimensions. Of course, it is
well known there, since plasmon oscillations do not make
aluminum into a high-temperature superconductor.

The same derivation can be made more rigorous with
regard to the treatment of the dielectric function. Using
the sign convention that Im{1/¢) <0 then an exact repre-
sentation for 1/e(g,z) =S(q,z) is

S(g,z)=1—31G)+1(-2)],
where

1

e(q,0)

1
w+tz

__2r"
I(z)= ”J; dolm

Then, the equation for the gap function at zero tempera-
ture in the weak-coupling approximation is

_ A d’q 1—I(E)
Qo2 E )

Since 1(0) > I(E) it is easy to prove the inequality
1—I(E)>1—1(0)=1/e(q,0)>0.

an

We have again that the integral in Eq. (17) is positive
since everything in its integrand is positive. The gap func-
tion cannot be satisfied. The weak-coupling argument is
valid for any kind of screening model.

The above argument suggests that there can never be
superconductivity, even when mediated by phonons. Since
this conclusion is wrong, the question is, how is the above
argument changed by phonons? For the weak-coupling
model, phonons permit the static dielectric function
S(q,0) to be negative at large values of g. The integral in
Eq. (17) can be negative because the integrand has nega-
tive regions, which permits the equation to be satisfied.
This argument is discussed in detail in the Appendix.

We cheerfully admit that the above arguments are in-
consistent. We began by constructing a dielectric func-
tion which was valid at long wavelengths, and then ended
by using it to describe behavior at short wavelengths.
However, our real conclusion is that superconductivity is
not caused by the behavior of long-wavelength excitations.
If it happens, it is due to excitations of short wavelength.
This point is important since most proposed models of
high-temperature superconductivity, from charge-density
fluctuations, have been based on long-wavelength behav-
ior. Our analysis shows that none of these long-
wavelength models can cause superconductivity. Our
model is not valid at large g for several reasons. Thus, we
cannot prove or disprove models of superconductivity
based upon excitations of short wavelength. In order to
have a dielectric function which is valid at short wave-
lengths, we would have to construct it according to the
method used in Ref. 29.

The next example of plasmon coupling is the two-band



model of Eq. (13). These equations encompass two im-
portant conjectures for the cause of high-temperature su-
perconductivity. One is that the paired electrons are in
different planes.?*?* Pairing is enhanced because the
Coulomb repulsion is less. The second conjecture is that
interlayer plasmons are important for causing the pairing.
Our calculations suggest that neither of these conjectures
are correct.

The frequency summations in Eq. (14) are evaluated in
J
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the weak-coupling approximation, and at zero tempera-
ture. This assumes that Z=1, A+ =const, and x=0.
Then we find

Ar=—AyHi(Ay)—A_H_(A-),
18)
A_=—A+H_(A+)—A_H:(AZ),

where

dlq ot —e )+ (w,w,+Ew,+Ewgy) (1+e ~29)]

Hew=J Qn?

- d%q 1—e”
H-() f Q)2 1 2(E+w.3)

26

where A means either A+ which is part of E(A). The set
of equations has a solution only if

O0=1+H+(A+)+H+ (A )+H+(AL)H+(AZ)
—H-(A)H-(A-).

However, it is easy to show that no solution is possible be-
cause of the identity

Hi(A)>H-(A)>0.

Earlier we derived Eq. (16) for a single band of electrons
interacting with a single plasmon. The present analysis is
the equivalent derivation for two planes and three
plasmons. There is no pairing possible in the weak-
coupling limit. Thus, we have shown that (i) interlayer
pairing does not enhance superconductivity, and (ii) inter-
layer plasmons do not enhance superconductivity.

We have considered a variety of other models related to
plasmons. For example, we have examined the other or-
dering of planes such as 1-2-3-1. We have removed the
chains and considered the symmetric and antisymmetric
modes which result by coupling two planes. None of these
cases produces pairing of electrons. In each case, the ar-
guments are quite similar to those detailed above. We
have also done calculations where we avoided the
plasmon-pole approximation. We separated out the pair
and pole terms in the loss function, and use the pair part
to partially screen the direction Coulomb interaction at
large values of g. This complicated analysis also does not
produce pairing. Each case has the same feature that the
repulsive Coulomb interaction is large and overwhelms
any attractive force from the plasmons.

C. Strong-coupling results

The strong-coupling gap equations in (13) and (14) can
be solved numerically for plasmon-induced pairing mech-
anism by following the standard procedures used in solv-
ing the pairing state induced by electron-phonon coupling.
The existence of a superconducting-ground state is indi-
cated by a solution with F=0 and W0 from the gap
equations. Generally speaking, whether a system can

2E+wp)(E+wa)w,+052) ’

have a superconducting ground state depends on the rela-
tive strengths of two competing interactions. The
electron-boson interaction provides the attractive mecha-
nism for electrons to form superconducting pairs, while
the repulsive interaction between electrons tends to
suppress pairing and push the system into the normal state
with F =0, W =0.

In calculating phonon-induced superconductivity, the
repulsive interaction is taken to be the statically screened
Coulomb interaction. The phonon frequencies are usually
much smaller than the electron-plasmon frequency or the
Fermi energy, so the effect of high-frequency excitations
such as plasmons can be approximately included as reduc-
ing the bare Coulomb interaction into a screened one. In
the static limit, the screened Coulomb interaction is al-
ways repulsive.

When investigating possible superconductivity induced
by the plasmon mechanism, the two competing interac-
tions are bare Coulomb interaction and electron-plasmon
coupling, respectively. Each needs to be treated more
carefully. We can separate the two interactions using the
screening matrix S defined in Eq. (7), where, on the right
side, the first term stands for the bare Coulomb interac-
tion and the second term is the electron-plasmon coupling
term which provides the attractive interaction for possible
pairing between electrons. The latter is to be solved self-
consistently from the matrix equation. The integral Eq.
(10) for the gap function can be solved with the kernel S
given above. The Green’s functions G and F are expressed
in terms of £ and W from Eq. (13). Following standard
procedures of carrying out the Matsubara summation and
integrating out the & +, variables in G and F, Egs. (13)
are reduced into coupled one-dimensional integral equa-
tions. These equations are then solved by numerical in-
tegration. Despite varying over a wide range the related
material parameters such as electron effective mass, back-
ground dielectric constant €, electron density, and inter-
layer distance, the solution always gives W =0. There-
fore, the numerical solution from the strong-coupling
theory leads to the conclusion that plasmons do not pair
electrons into a superconducting state.

To make sure that our numerical results do not miss
any possible solution with a finite-gap function, we ana-
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lyzed the strong-coupling equations in detail. First, to en-
sure the numerical accuracy of our computation, we cal-
culated the electron-phonon-induced superconductivity
for a typical strong-coupling system (Pb) and found very
good agreement with the result from existing literature.?’
To further extract physics from the numerical solution, we
also performed calculations in which the direct Coulomb
interaction v, was reduced by an arbitrary numerical fac-
tor while the electron-plasmon coupling was kept to have
the same strength as in a real physical system. When the
Coulomb interaction is suppressed sufficiently by this
artificial step, a nonzero gap function starts to emerge
from the numerical solution. The amplitude of the gap
function increases as the Coulomb interaction is further
reduced. This observation indicates that the electron-
plasmon interaction has the right tendency of forming su-
perconductivity paired states. However, for a real physi-
cal system, both the bare Coulomb interaction and the
electron-plasmon interaction originate from the electron-
electron interaction. The strengths of the two competing
parts of the electron-electron interaction are correlated to
each other and cannot be varied arbitrarily by choosing
material parameters of the system. The net effect of the
electron-electron interaction is always repulsive and does
not cause pairing, as demonstrated through the negative
conclusion from our calculations performed for realistic
systems.

D. Demonstration through empirical formula

The last argument we present to support the above con-
clusion is to use the following empirical formula for deter-
mining the superconducting-transition temperature:®

1+2

; (19)
A—u*

kBTczchxp[—

where wp is the upper cutoff energy of the intermediate
boson, A is the electron-boson coupling parameter,

(e a*F(u)
x—zfo ~—u—du, (20)

with a?F(®) being the McMillan function for the ap-
propriate interaction in consideration. The modified
Coulomb interaction

*

u 1)

- H
1+uln(Er/wp)

is related to the averaged Coulomb repulsion u. For
electron-phonon interaction, u* is significantly reduced
from u because the electron Fermi energy Ef is much
larger than the phonon Debye energy wp. A finite 7, ex-
ist for system with A sufficiently larger than u*, as is the
case of phonon-mediated superconducting systems. Re-
cently, a similar argument has been applied to electron-
plasma interaction in the context of explaining high-7, su-
perconductivity.'* However, in discussing the electron-
plasmon mechanism, the parameters A, u, Er, and wp are
not independent to each other. It is incorrect to choose
each parameter on the favorable side within the possible
region, and to then fit them into the T, formula Eq. (19).

On the contrary, when all the parameters are specified for
a realistic system, Eq. (19) actually indicates that the
plasmon mediated pairing would be completely suppressed
by the Coulomb interaction.

As an illustration, we consider a system with a single
two-dimensional electron gas layer,

— dk V,

# f Qn)? hor’ (22)
and

() = [[—dk_ Mé s _

@) = [ s = a,). (23)

In both equations the wave-vector integrals are over the
closed circular Fermi loop. In the second equation, M, is
the electron-plasmon matrix element and o, is the
plasmon frequency. To consider the most favorable situa-
tion for superconductivity, we ignore the effect of Landau
damping in reducing the electron-plasmon coupling pa-
rameter A, and evaluate the matrix element M, in the
plasmon-pole approximation. Applying the f-sum rule for
screening function leads to the identity

w
M}= q—z"—. (24)

Combining Egs. (20)-(25) immediately gives the follow-
ing simple relation between the two interaction parame-
ters

A=u. (25)

It is also easy to verify that the plasmon cutoff frequency
wp(wy,q =2kr) for an electron gas is always larger than
Er for realistic choices of material parameters. So the
modified Coulomb interaction u* is not reduced from u
by using Eq. (21). With all these considerations, it is
quite clear that Eq. (19) does not yield a finite-transition
temperature for electron-plasmon coupling in a single
plane. Similar arguments have been applied to interlayer
pairing between two planes, where we obtain the same
conclusion.

IV. DISCUSSION

We have concluded that long-wavelength plasmons can-
not cause electron pairing in high-temperature supercon-
ductors. That negative conclusion applies to both inter-
layer and intralayer s-wave pairing. We again emphasize
that our calculations are only valid at long wavelengths.
An accurate calculation at short wavelengths might come
to an opposite conclusion. However, a short-wavelength
calculation requires a full band-structure calculation for
the response function S(g,q',w), which is beyond our ca-
pability at this time.
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APPENDIX

In order to illustrate the role of phonons, consider the
following simple but standard model for a metal with one
longitudinal acoustical phonon. At long wavelengths one
can write for the total dielectric function from electrons
and phonons

1+A(g,z)
1 —v,P(q,z)[1+A(g,2)]1"’

where P(q,z) is the electron polarization operator in the
RPA, while A(g,z) is the ratio of the phonon mediated in-
teraction divided by v,. Writing the electron-ion interac-
tion as V,;(q) =v,C(q), where C(q) is the influence of

S(g,z)=

the pseudopotential, we have

w,ZC(q ) 2

9
wp—z2

A(g,z)=—

where w; is the ion plasma frequency. Thus, the static
dielectric function (z =0) is

wizll —C(q)zl

e(@lw(g)?
__1
1 e(q) H ’

where e(q) is the static dielectric function in RPA, and
w(q) are the phonons modes in the metal. S(g,0) can be
negative if C(g)2> 1. This can happen at large values of
g without violating the obvious constraint that w(g)?> 0.
Phonons permit the total dielectric function to be negative
at large values of g, which then permits superconductivity
in the weak-coupling model.

S(g,0)=

w(q)*=w} [1 —-C(g)?
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