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The plasmon response is analyzed for a tight-binding model of two energy bands. The majority charge
carriers originate from the Cu-O planes with copper orbitals of dx27y2 symmetry hybridized with the ox-

ygen p states. The second band is more localized and yields low-energy acoustic plasmons that are well
defined over a wide momentum range for appropriate positions of the Fermi energy Er. The use of
bandwidths comparable to band-structure computations for YBa,Cu;0; yields a maximum energy
®=0.2 eV for the minority hole plasmon, which is a candidate for mediating superconducting pairing of
the majority electrons. The transition temperature 7T, is shown to correlate with the prefactor ® as a
function of E in a weak-coupling analysis. If removal of oxygen raises E, the corresponding decrease
of ® would be compatible with the observed drop in 7, for YBa,Cu;0,_5. The calculated structure fac-
tor reveals narrow acoustic plasmon peaks that should be accessible to electron-loss probes. Threshold
structure in the electronic density of states for the narrower band may be related to observed Knight-

shift variations.

I. INTRODUCTION

Six years after the discovery of high-temperature su-
perconducting oxides,? the superconducting mechanism
remains an open challenge. One mystery surrounding
these discoveries is the sensitivity of the transition tem-
perature T, to the alloy composition, including the
influence of the oxygen concentration.

Proposals for the superconductivity in these oxides are
constrained by a variety of experimental facts which have
been reviewed by Little.> Flux quantization and Joseph-
son tunneling data provide convincing evidence that the
charge carriers are pairs extending over a coherence
length of the order ~38 A in the Cu-O planes, although
the origin of the pairing interaction is not established.

A possible source of the charge-carrier pairing in the
oxides is an electronic excitation extending to an energy
® higher than the phonon regime, to roughly
®=0.1-0.5 eV. Exchange of such an excitation may
bind pairs and yield a superconducting transition temper-
ature T, of the form

1+A
A—p*

Tc=0 exp s (1)

where A is the effective pairing interaction and u* is the
reduced Coulomb repulsion between electrons defined as

e A ()

B I+ umE,/0)

where p is the screened Coulomb repulsion. The allure of
electronic modes is related to their potentially high-
energy values with ® = 3000 K, which promise to raise

T, much higher than the BCS phonon mechanism whose
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corresponding Debye temperatures are usually much
smaller, say , ®, <300 K.

However, the choice of an appropriate excitation for
the mediation of electron pairing is limited. For example,
ordinary plasmons with ® ~5 eV in alkali metals clearly
provide no superconducting benefit to these normal met-
als. This type of situation is noted for strong Coulomb
repulsion between electrons which cannot be overcome
by exchange of a high-energy mode. Thus the characteri-
zation and physical origin of a boson mode in an ap-
propriate energy range is vital to ascertain its prospects
for high-temperature superconductivity.

Our goal is to examine a model of the electronic struc-
ture of the cuprates which is based on two tight-binding
bands near the Fermi energy. Screening of the narrower
band charges by majority electrons in a broader band
may generate acoustic plasmon modes of the variety orig-
inally proposed by Pines.* Enhancement of supercon-
ducting electron pairing by exchange of such modes was
suggested by Englert’ and demonstrated by numerical
calculations of Garland.® Formulations’ analogous to ion
screening in metals establish guidelines for the formation
of low-energy plasmons that need to avoid severe Landau
damping. However, the lack of definitive experimental
evidence for this type of electronic excitation has ham-
pered theoretical attempts® to identify materials that may
be suitable prospects for these elusive acoustic excita-
tions.

The nearly two-dimensional (2D) character of the elec-
tron dynamics in the Cu-O planes may create plasmon
features that are particularly relevant to tight-binding
bands. Previous calculations of the electron response in
the effective-mass approximation demonstrate the ex-
istence of an acoustic plasmon branch® in a single charge
layer by virtue of the 2D screened Coulomb potential,
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and such modes have been observed by light-scattering
spectroscopy.’®  Kresin!! claimed that a single-
component plasmon branch of low frequency could cou-
ple strongly to phonons and thereby enhance electron
pairing. However, Mahan and Wu!? calculated the cou-
pling caused by a single plasmon branch with parameters
suitable for oxides and concluded that exchanging such a
mode alone does not enhance T.

Multilayers alter the screened Coulomb potential and
hence generate plasmon branches which may have acous-
tic dispersion in a given propagation direction and a
more familiar bulklike optic plasmon otherwise.!3 These
characteristic modes have been seen by light scattering
from GaAs superlattices.'*

Lower dimensionality bolsters the prospects of forming
a particular variety of two-component plasmons because
Landau damping of the lower energy branch can be mini-
mized in some regions of phase space that are sensitive to
the position of the narrow energy band. Analytic solu-
tions’ of the response for two bands with different
effective masses in 2D were found!® to yield an acoustic
branch whose existence was surmised to correlate with
the superconducting transition temperature of
La,_,Sr,CuO, in the metallic regime.

Canright and Vignale'® have reported important limi-
tations on two-component plasmas based on effective-
mass models. They approximated vertex corrections by
local-field factors that neglect the frequency variation of
the particle-hole scattering kernel in order to achieve the
summation of a diagram series. Then, using
parametrized forms for the renormalized Coulomb cou-
pling, they calculated the acoustic plasmon energy and
showed that these corrections could shift the mode sub-
stantially and cause it to become overdamped in some
cases. Hence the limited phase space for the acoustic
branch reduces its effectiveness'® in mediating electron
pairing in a 2D electron gas as well as in the correspond-
ing!” 3D example.

The present work investigates the prospects for creat-
ing a well-defined acoustic plasmon mode throughout a
wide momentum region by means of tight-binding energy
bands that are designed to resemble the situation in su-
perconducting cuprates. The nearly two-dimensional pla-
nar structure of the copper oxide planes is therefore a key
input in our analysis. Our results in the random phase
approximation (RPA) demonstrate certain advantages of
the cuprate electronic structure for creating acoustic
plasmons with a relatively small damping throughout the
Brillouin zone. These encouraging features may stimu-
late future studies of self-energy and vertex corrections in
a tight-binding context.

Reliable quantitative estimates of superconducting
transition temperatures arising from electronic sources
are difficult to obtain in any event. Even the case of a
single-component electron gas requires corrections'®
beyond the RPA, and electron pairing by exchange of
acoustic plasmons is also beset by uncertainties of
higher-order processes.!® Vertex corrections to the elec-
tron interactions originating from electronic modes are
rather sensitive to the symmetry and localization of the
wave functions.!® These considerations also apply to ex-
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citozf)l mechanisms of the type originally proposed by Lit-
tle.

Section II contains the energy-band model and results
for the dielectric function. Explicit numerical calcula-
tions of the plasmon dispersion and structure factor are
in Sec. III. Indirect evidence for the conditions needed to
form appropriate acoustic plasmons can be related to the
density of electronic states obtained in Sec. IV. The
latter results may be related to anomalous Knight-shift
data of the cuprates. Finally, conclusions of the present
study are in Sec. V.

II. ENERGY-BAND MODEL

Band-structure calculations for cuprates have now re-
ceived strong support from photoemission?"?? as well as
de Haas-van Alphen?® experiments that map key features
of the Fermi surface in the metallic phases. By contrast,
the cuprate transition to an insulating state at a critical
oxygen content is beyond the reach of band calculations
and remains theoretically unresolved.

Calculations®*~2®  of electronic  structures in
YBa,Cu;0; provide the motivation for the tight-binding
model used here. A nearly half-filled majority-carrier
band in two dimensions is chosen as

E,=I,[cos(a,k,)+cos(a,k,)], (3)

with a bandwidth 4/, ~5.0 eV. The heavy-mass band is
assumed to be given by a simple cosine band as

E, (k)=t,cos(k,a,)+1,cos(k,a,)+E,(0) , @)

where a, and a, are the lattice constants of the Cu-O
plane. Our model band structure is shown in Fig. 1.
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FIG. 1. Energy-band model used in our calculations. The
position of the Fermi energy E intersects both tight-binding
bands in the optimum superconducting case YBa,Cu;0,. The
bandwidths are /,=1.25 eV, ¢,=0.2 eV, ¢,=0.04 eV, and
a,=a,=3.9 A. As oxygen is removed, Ep moves up and
reaches the top of the narrow E, band for x ~6.5 providing
that Er moves linearly between the values given by band struc-
tures for x =7 (Ref. 24) and x =6 (Ref. 25).
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The possible formation of a low-energy plasmon mode
originating from the partially filled E, band in the case of
YBa,CuO; will be strongly influenced by the screening of
the Coulomb potential by the lighter band E; charges.
Removal of oxygen raises the Fermi energy above the E),
band, thus eliminating the secondary plasmon mode. The
relative bandwidths /,,¢;, and ¢, are similar to the band
computation results. However, the position of the nar-
row E;, band must ultimately rely on experiment to estab-
lish the offset E,(0), which we take as 0.26 eV. Never-
theless, it is interesting to note that the raising of the Fer-
mi energy E by depleting the oxygen content is compati-
ble with computations for YBa,Cu;0¢. >

The Fermi surface corresponding to band-structure
calculations is shown in Fig. 2, with the shaded area em-
phasizing the partially filled hole pocket near the symme-
try point S which is a key element of the present analysis.
A small increase in the Fermi energy will shrink and ulti-
mately eliminate this small orbit, by oxygen depletion, for
example. Photoemission data?! (squares in Fig. 2) pro-
vide evidence for the large orbits corresponding to the
nearly half-filled band as well as the small hole pocket.
The de Haas-van Alphen experiments** on YBa,Cu;0,
confirm the area of the small (shaded) Fermi-surface sec-
tion.

The dielectric function for the band is given by

€i(g0)=1+V, x;(q,0) (5)

within the random-phase approximation (RPA) where

v, =2me?/q in two dimensions and the dynamical polari-

zability is calculated using
A;(k,q)=E;(k+q/2)—E;(k—q/2), (6a)

and the standard expression

Y Ba, CugO5 "

r X

FIG. 2. Composite sketch of the Fermi surfaces of
YBa,Cu;0; obtained from the band-structure calculations of
Refs. 24-28. Squares indicate photoemission data points from
Ref. 21, and the shaded region represents the orbit area mea-
sured in de Haas-van Alphen experiments of Ref. 23. Symmetry
points I', X, Y, and S are defined in Ref. 27.
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Xj(Q0)=23 fi —q 0 =Ffi i g,)
X

1 1
o+A;(k,q)—id w—Akq)—id

(6b)

where f, is the Fermi-Dirac function. In the energy
range of interest we are justified in using the zero-
temperature limit of f, which becomes a Heaviside step
function. The real part of the polarizability becomes

R px_titod) Fr—apn(1—F ), D
ey.=— — _ - )
X % o —Alkg) k—q/2 k+q/2
where
anX
A;(k,q)=—2I, |sin(a,k, )sin 5
. . a,q,
+sin(a, ky )sin 2 (8)
and
A, (k,q)=—2t,sin(a, k, )sin z y
a,4,

—2t,sin(a, k) )sin , 9

with a similar expression for the imaginary part of x;.
For general values of ¢ and w, we have evaluated X, nu-
merically to find the overall plasmon spectrum from the
total dielectric function,

er(q,0)=1+V, x,/(q,0)+V, x,;(q,0) . (10)

Zeroes of the dielectric function €;(g,w) determine the
plasmon excitation energies as a function of momentum,
and the imaginary part of € yields the damping by decay
into the electron-hole continuum. Another source of
plasmon damping is the electron or hole lifetime, which is
limited by impurity, phonon, and electronic scattering.

Interband transitions are estimated to have a minor
effect on the plasmon dispersion in the present cir-
cumstances and, therefore, are not presented here. First
we calculate the plasmon spectrum for an isolated plane
of electrons and then consider the further influence of in-
terlayer coupling.

III. PLASMON DISPERSION AND DAMPING

The evaluation of the dielectric function for the tight-
binding band in Egs. (9) and (10) was performed numeri-
cally with the cutoff points for the momentum integration
found by conventional techniques for the Fermi function
in the zero-temperature limit. By itself, the majority hole
band yields an acoustic plasmon branch by virtue of the
two-dimensional character of the electron dynamics, and
the dispersion relation for this plasmon mode at small g is

w,(q)=~bg'"*, (11)
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where the coefficient b is determined by the bandwidth 7,
and the carrier density. This branch is outside the
electron-hole continuum, thus avoiding Landau damping
up to a cutoff momentum g¢q.. This higher frequency
majority-carrier plasmon should be relatively insensitive
to small changes in the Fermi energy compared to
E;~=2.0¢eV.

The physical origin of this acoustic plasmon dispersion
can be traced to the average electric field in two dimen-
sions. Unlike the three-dimensional electron gas with
V P=4me?/q* and its “optic” plasmon branch with a
finite frequency a)f,l(3D)=47Tne2/m* in the ¢ =0 limit,
the 2D Coulomb V}P=2me?/q causes w,; to vanish as g
tends to zero.

Despite its “acoustic” behavior in the sense of a van-
ishing energy at small momentum, this majority plasmon
extends to w,(q.) =~ Ep, and therefore is an unlikely candi-
date for mediating a pairing interaction for the reasons
discussed above. This type of acoustic plasmon mode has
been detected experimentally in systems!® which are not
superconducting.

A surprising feature of our calculations for the majori-
ty hole band E,; is the inadequacy of the effective-mass
approximation for the present two-dimensional structure.
Our first attempt to fit the E; band to the band-structure
results with an effective mass m* ~m, gave a reasonably
good representation of the majority hole structure shown
in Fig. 1, but the analytic expressions for the dielectric
function yield a plasmon branch extending up to
kp®,;=20 eV for a Fermi energy of Ez=2.0 eV. Unlike
the three-dimensional case, the effective-mass model gives
a two-dimensional acoustic plasmon which stays above
the electron-hole continuum over a wide energy range
and eventually becomes tangent to the continuum at a
large value of ®;, which is an order of magnitude larger
than the corresponding tight-binding results given below.
In three dimensions, the effective-mass approximation
yields a plasmon spectrum in better agreement with the
tight-binding formulation.?’

By using the tight-binding formula for E; with a band-
width /; =1.25 eV we obtain a majority plasma with en-
ergy extending to roughly 4.6 eV as shown in Fig. 3, and
a minority acoustic plasmon branch for parameters suit-
able to the electronic structure of YBa,Cu;0,. This
second branch at lower energy arises with an acoustic
dispersion

w,(q)=~cq, (12)

at long wavelength. The linear dispersion is a conse-
quence of the screening of the “heavy” holes by the
lighter mass carriers. Remarkably, the ©, plasmon per-
sists above the h-band electron-hole continuum over the
entire Brillouin zone and exhibits a dispersion similar to
ordinary phonons even though the plasmon energy scale
is significantly higher. These calculated results differ sub-
stantially from comparable studies using an effective-
mass approximation.!’

Landau damping of the w, plasmon by decay into the
light electron-hole continuum follows from the imaginary
part of the total dielectric function €, and is indicated by
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FIG. 3. The plasma spectrum calculated for the tight-binding
model of a single plane. The majority holes yield a high-energy
plasmon branch which is acoustic because of the two-
dimensional nature of the Coulomb potential and electronic
structure. This higher energy mode shifts slightly as the Fermi
energy is varied. The lower acoustic plasmon branch has energy
proportional to momentum at long wavelength by virtue of the
screening of the Coulomb interaction, and the latter mode w,, is
a candidate for mediating electron (or hole) pairing. The shad-
ed region represents the #-band electron-hole continuum for the
two momentum directions, and the persistence of the w, above
each corresponding continuum extends throughout the Bril-
louin zone in both directions.

the bars on the plasmon energy dispersion in Fig. 4 for
two values of the Fermi energy. The width caused by de-
cay into the wider E; band continuum is considerably
smaller than the plasmon energy so that the particular
branch exists as a well-defined excitation throughout the
Brillouin zone.

In the long-wavelength limit, the linear dispersion of
the acoustic plasmon may be deduced by expanding the
dielectric function at small g as

0.25 . —— 1
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FIG. 4. Dispersion of the low-energy plasmon branch along
the g, direction for two values of the Fermi energy E;. provid-
ing that oxygen removal from YBa,Cu;0; raises E, the soften-
ing of this mode corresponds to the observed decrease in the su-
perconducting transition temperature 7T,.. The bars indicate the
relatively narrow linewidths in the structure factor whose origin
is the decay into the wider E, band electron-hole continuum.



48 ACOUSTIC PLASMONS AND CUPRATE SUPERCONDUCTIVITY 3459
A, (k,q)=—ta,q,sin(a, k,)—t,a,q,sin(a,k,) (13) Al(k,q)
Rey,~—23 ———8(E, —Ep) . (15)
and k «
Fi—an 1= fisqn) =10, (k,q)8(E,—E,) (14) Performing the k, integration, we obtain
2tl(qa.x)2 2 )
where the zero-temperature limit of the Fermi-Dirac Rex,=——55—(F,cos°0+F,sin“0) , (16)
function has been taken. Then the real part of the sus- me
ceptibility is where
J
' min(1,(Ep+1,)/t,) _ 172
F.=t, PR (1=xNx +1) , (17)
max(—l’(EF_tl)/tl) (EF+t2_Xt1)(xt1+t2—'EF)
and
. 172
F _ 1 pmin(L(Epte)/e) (Ep+ty—xt | )xt +t,—Ep)
vy ty Y max(—1L(Ep—1t,)/t)) (1—x)(x +1) (18)

Finally we may combine this result for the narrow band
E, with the analytic static limit for the lighter band from
Eq. (6) to find the final result for the lower plasmon sound
velocity,

C =~(C}cos’0+Clsin’0)' 2, (19
where
172
2F .t
a a’l
_ =4 20
Camsv =7 | N(0) (20)

Using representative values of 1, =0.2 eV, t,=0.04 eV,
and 1/m*=1I,a?, we plot the two components of the
plasmon sound velocity as a function of the Fermi energy
in Fig. 5. For the case of YBa,Cu;0; with the highest
T., we note that the slope of the acoustic plasmon mode

Co( [104m/sec ]

E, [eV]

FIG. 5. Plasmon sound velocity (X 10® m/s) as a function of
the Fermi energy in eV units measured from the top of the E,
band. The anisotropy of the plasmon dispersion is seen to vary
as a function of oxygen content with an overall softening of the
acoustic plasmon energy as oxygen is removed from the op-
timum superconducting case of YBa,Cu;0;.

—

is roughly an order of magnitude higher than a typical
phonon sound velocity. As oxygen is removed, Ep is
raised, and the plasmon velocity softens to a vanishing
value. For YBa,Cu;0,, with x $6.5 corresponding to a
filled E, band, this lower energy plasmon ceases to exist.

A rough correlation of the observed T, in comparison
to an effective plasmon cutoff energy,

0,=(C2+ChH'%, , 1)

can be achieved using the relation T, x®, in a weak-
coupling BCS formulation from Eq. (1). Here the
momentum cutoff is taken to be (a,)”!. Our calculated
values of the plasmon cutoff are compared to T, in Fig. 6.
From this analysis we may infer that the acoustic
plasmon mechanism provides a weak-coupling form of
electron pairing which yields a qualitative variation of

89y Knight
Shift

Y Ba,Cu 0,

0

100

50 -
Te

7.0 6.5 6.0
Oxygen Content

FIG. 6. Correlation of the measured superconducting transi-
tion temperature T, (K) with the acoustic plasmon cutoff ®, in
eV. The calculated density of states per eV/spin assumes a
linear shift of Ex with oxygen content x. The Knight shift AK
(in %) data from Ref. 30 provide evidence for a depletion of the
density of states by removal of oxygen.
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T,, in accord with data on YBa,Cu;0,_; as a function of
oxygen content. Indirect evidence for the narrow-band
hole pocket density of states is provided by Knight shift
data,*® which is also shown in Fig. 6.

The electronic-structure factor is given by

—1

_, 22
er(gq, ) 22

S(gq,0)= LIm
o

where the total dielectric function €, is defined in Eq.
(11). It is sampled directly by electron-loss scattering
measurements which, in principle, provide the ideal
direct probe of the plasmon excitations. Our computed
structure factor for YBa,Cu;0; is shown in Figs. 7 and 8§,
in the range where the low-energy plasmon dominates the
structure. The narrow widths of the acoustic plasmon
peaks at various momentum values are due to the small
Landau damping of the lower plasmon branch by decay
into the lighter electron-hole continuum. Electron-loss
spectroscopy evidence for the low-energy plasmon has
been recently discovered by Demuth.>!

Additional broadening caused by Umklapp channels is
expected to be important, especially at small momenta
aq 50.5.

Impurity scattering modifies the acoustic plasmon
mode in a very long wavelength region. The motion of
electrons with different energies correlates through im-
purity scattering. This correlation modifies the polariza-

bility in a long-wavelength and low-frequency region as’?
(@)= Ny (Ep) 22— 23)
IAUH \EF Dg’—iw

where D =v27/2 is the diffusion constant with the elec-
tron lifetime 7. Then the acoustic plasmon mode be-
comes overdamped and diffusive if w, > Dg? or ¢ <c/D,
as in Eq. (12).

Assuming a carrier

density of 1 electron per

EF= -0.02 0.5

0.51 0.2

Structure Factor S(q,0)

0 0.05 0.1 0.15

Energy o (eV)

FIG. 7. Structure factor for the acoustic plasmon response at
assorted momentum values along the g, direction as a function
of energy for a Fermi energy appropriate to YBa,Cu;0;. The
majority plasmon mode yields only a smooth background in this
low-energy regime, and the peak structure is due to the lower
energy band corresponding to the narrower band E,. The nar-
row linewidths reflect the small Landau damping of the low-
energy mode by decay into the /-band electron-hole continuum.
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FIG. 8. Structure factor as a function of energy for momen-
tum values parallel to the g, axis for the parameters appropriate
to YBa,Cu;0,. The w, plasmon linewidths assure well-defined
excitations here as well as in Fig. 7.

(3.92X11.7 A3 unit cell, Ez~2.0 eV, and a resistivity
of 100 uQ) cm, we estimate D ~ 10, which implies that the
), branch suffers from impurity broadening only at very
low momenta q << /a.

Interlayer Coulomb interactions between charges on
nearby Cu-O planes have a particularly strong influence
in the long-wavelength limit."* To illustrate possible
changes in the dielectric screening of nearby planes, we
consider the screened Coulomb potential for a series of
identical planes which are separated by a distance d.
Denoting g as the momentum within the plane and k as
the perpendicular component of the momentum, the
Fourier transform of the Coulomb potential becomes

2mde? sinh(gd)
q cosh(gd)—cos(kd)

In the d — oo limit, the ¥, reduces to the single plane re-
sult used above, whereas in the d —0 limit an ordinary
three-dimensional electron potential results.

The plasmon spectrum follows from the total dielectric
function of Eq. (5) using the modified V(g,k) and
presuming negligible band dispersion perpendicular to
the planes. Our calculated interlayer plasmon spectrum
is shown in Fig. 9. The majority hole plasmon splits into
branches designated by the perpendicular momentum k.
When the electron oscillations in adjacent planes are out
of phase, i.e., k = /d, the plasmon dispersion is close to
the ordinary single plane result at large momenta gd > 1.
However, the initial slope of the (kd = case) multilayer
acoustic plasmon at long wavelengths is given by w; ~=sq
with s =(dm/2l,a%ay)""?v;p, where a, is the Bohr ra-
dius, m is the free-electron mass, and v,z is the Fermi
velocity for the majority charge carriers from the E,
band. In-phase oscillation yield a finite optical frequency
at g ~0 as seen in the curve for kK =0, where the comput-
ed value of the optical plasmon gap near 2.7 eV in the
tight-binding model is consistent with the conventional
effective-mass plasma frequency ©?(0,0)=4wne?/m, for
n =1 electron per (3.9)>X11.7 A unit cell. At higher
momentum, these branches, as well as intermediate k

Vig,k)= (24)
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FIG. 9. Plasmon spectrum for the two-band model including
the influence of interlayer Coulomb coupling. The higher ener-
gy branch w; splits into an acoustic dispersion for a perpendicu-
lar momentum k =1 /d, and exhibits an optic mode with finite
frequency at long wavelengths when k =0. The acoustic
plasmon branch w, at lower energy is shifted only slightly by
the interlayer coupling with d =11.7 A. The shaded region
shows the narrow-band electron-hole continuum along the g,
direction which remains below the w, plasmon branch. The
Landau damping by the wider E,; band continuum (dashed re-
gion) is small enough to assure well-defined , plasmon
branches whose widths are apparent in the calculated structure
factors in Figs. 7 and 8.

branches not shown here, blend into a single plasmon
which persists above the electron-hole continuum over
the entire Brillouin zone.

Interlayer interactions have a less pronounced effect on
the lower plasmon branch w, as seen in Fig. 9. Physical-
ly these particular modes arise from the strong screening
by the majority holes and, thus, the screened potential ex-
perienced by the more localized E, states at low frequen-
cy is modified very little by adjacent layers. There are
small shifts in the w, plasmon sound velocity, which nev-
ertheless allow this branch to exist as a well-defined exci-
tation split off from the heavy-mass electron-hole contin-
uum.

Other formulations* of the multilayer cuprate plane
and chain system have proposed a source of additional
acoustic plasmon modes in the context of an effective-
mass approximation with emphasis on local-field correc-
tions to the dielectric function. Extensions of the formal-
ism to obtain specific plasmon structure may reveal
favorable ingredients for superconductivity. By the same
token, it may be worthwhile to examine many-body
corrections beyond the RPA analysis in the case of tight-
binding models.

Measurements of the infrared reflectivity in ordinary
metals reveal a sharp dip near the plasma frequency. By
contrast, this long-wavelength spectroscopy reveals a
nearly linear decrease of the reflectivity as a function of
frequency in the cuprates, which has been interpreted in
terms of an unconventional frequency-dependent quasi-
particle damping. A theory** based on Fermi-surface
nesting and its influence on electron-electron scattering
provides a physical origin for the non-Drude reflectivity

curvature and reveals a plasmon frequency that is compa-
tible with the present calculations when a measured back-
ground dielectric function is included for optical data on
YBa,Cu;0, (Ref. 35) as well as Bi,Sr,CaCu,0y (Ref. 36).
Nested Fermi-surface sections are evident for the large
orbits of YBa,Cu;0; in Fig. 2.

Electron-loss experiments®’ confirm the unconvention-
al shape of the calculated®* structure factor in
Bi,Sr,CaCu,0O; at small momenta with the normalized
plasmon peak near 1 eV. In addition, the theoretical con-
ductivity and structure factor satisfy the f-sum rules®’ re-
quired by particle conservation. Given a background
€., ~5, the optical and reflectivity data indicate an un-
renormalized plasma frequency w,~3 €V in various me-
tallic cuprates in the context of the above analysis with
frequency-dependent damping. This value of o, is com-
patible with band-structure results,?’ and the value of 2.7
eV computed for the present model.

Hall-effect measurements will sample competing con-
tributions from the charges in the two bands considered
here, so that the magnitude and sign of the Hall
coefficient Ry will be sensitive to the carrier mobilities
and the Fermi-surface topology which may produce an
unusual variation of Ry as a function of temperature and
alloy composition even though the optical plasma fre-
quency remains relatively unaffected.?

IV. DENSITY OF STATES

As the Fermi energy passes into the localized energy
band E, in our model, there is a threshold for a sharp in-
crease in the density of states N (E) as a consequence of
the two-dimensional structure. For the light hole band in
an effective-mass approximation in two dimensions, the
density of states is a constant,

m*

N/(E)= (25)
Near the Fermi energy, the majority-carrier tight-binding
band E; yields a relatively constant N;(E) with the
correspondence 1/m*=1,a?. The Fermi energy is not
adjacent to a Van Hove singularity in the present model,
which is tailored to resemble the band-structure results.
For the narrower tight-binding band, we find

Ny (E)=—"2[(t, +1, 2= 2212

T
4t,t 172
<K | [—r2 )
(t,+1,)2—2?
for |Z| <|t,;—t,| , (26a)
172
4 B (t,+1,)?—2Z2
Ny(E)=—5(4t,1,) 'K | | —— ,

WE)= 5 (4n1) s

for |t, —t,| <|Z| <|t,+¢t,] , (26b)

where Z=F +t,+t, and K is the complete elliptic in-
tegral of the first kind.

These results predict a threshold in the total density of
states N;(E)+ N, (E) at a Fermi energy corresponding to
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an estimated oxygen content of x ~0.5. This step in
N, (E) should influence probes of the static susceptibility
in particular. Assuming a linear shift of E, with oxygen
context x, we obtain the variation of the heavy-hole den-
sity of states at the Fermi energy N, (Eg[x]) as shown in
Fig. 6.

The Orsay group” has discovered a large change in the
Knight shift of the yttrium nucleus in YBa,Cu;0, which
is shown in Fig. 6, in comparison to the calculated densi-
ty of states, as well as the plasmon energy and measured
superconducting transition temperature as a function of
x. Qualitatively similar behavior is found if the Fermi en-
ergy is shifted linearly with the oxygen content. Of
course, the detailed shape of the threshold in N,(E) de-
pends on broadening caused by impurities, disorder, and
overlap between chains and planes.

NMR spectra® of the oxygen nucleus in YBa,Cu;04 ,
reveal anomalous temperature variations of the Knight
shift, which become more pronounced in metallic sam-
ples at smaller x values. In an extension of the present
work, the Fermi-energy placement near the density of
states threshold can be shown® to cause the observed
temperature variation of the susceptibility which is
probed by the Knight shift as well as by the NMR relaxa-
tion rates. Hence the NMR measurements may provide
clues to the narrow-band structure that is a key in-
gredient in the acoustic plasmon formation.

If an electronic excitation mediates superconducting
electron pairing by itself, the ions are not involved and no
isotope effect is expected. Experimentally, the observa-
tion of large shifts in the optical-phonon Raman spec-
trum of YBa,Cu;0, with the isotope '30 substituted for
180 provides support for the noninvolvement of these
phonons in superconductivity since 7, remains essential-
ly the same for both isotopes.*!*?

Electrons exchanging phonons as well as acoustic
plasmons may offer a mutual benefit for higher 7,. In
that situation the relevant formula for T, can be ex-
pressed as®

1+As
Ap—p*

exp , 27

where Ar=A,;,+A, is the total attractive coupling be-
tween two electrons and ®, is the ordinary Debye tem-
perature for phonons. In the limit of zero-coupling parti-
cipation, A, =0, there is no isotope effect. By contrast,
the BCS limit is A, =0, with the normal isotope effect
T.~M " '/2. In the general case, a partial isotope effect
may occur with a prefactor

T, <0} , (28)

where y=A,,/(A,,+A,). Hence the La,_,Sr,CuO,
series of superconductors with a partial isotope effect
may be consistent with this type of analysis.

V. CONCLUSIONS

Results of these tight-binding model calculations in-
clude the dispersion of the lower energy acoustic plasmon
which allows it to exist as a well-defined excitation
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throughout the Brillouin zone. The curvature of the en-
ergy versus momentum is quite different than results ob-
tained within an effective-mass approximation, and the
enhanced phase-space region for the plasmon should con-
ceivably be favorable for mediating the pairing interac-
tion for charge carriers in the second broader energy
band. The calculated structure factor reveals sharp
acoustic plasmon peaks whose broadening is due to weak
Landau damping by the broader band continuum.

The evolution of the acoustic plasmon energy as a
function of Fermi energy is qualitatively consistent with
the observed depression of the superconducting transition
temperature as a function of oxygen content in
YBa,Cu;0,. Electron-loss measurements on crystals of
varying oxygen content may test this prediction by
methods that have provided evidence® for the existence
of a lower energy plasmon in the x =7 case.

Indirect evidence for the existence of conditions that
are necessary and favorable for creating the two-
component plasmon structure may be surmised from
measurements that are sensitive to the electronic density
of states at the Fermi energy. Thus the NMR Knight-
shift and oxygen relaxation rate, as well as heat-capacity
and electron-tunneling data on cuprates should reveal
clues to the existence of the second narrow band. Fur-
thermore, if a superconducting energy gap opens in the
wider band while leaving a finite density of states below
T, from the narrow band, the conventional analysis of
properties such as the NMR rates below T, may require
consideration of the remnant normal hole component.

The incipient spin density wave (SDW) instability orig-
inating from nesting of the nearly half-filled E; band may
be influenced by the screening of the Coulomb potential
by the holes in the narrow-band pocket in a subtle way.
Screening in two-dimensional systems is sensitive to even
a small concentration of charges.*> Thus, the filling of
the narrow-band hole pocket by decreasing oxygen con-
tent may eliminate its screening contribution and thereby
lead to an abrupt enhancement of the Coulomb repulsion
of electrons in the E; band near a critical oxygen compo-
sition. In other words, the elimination of the combined
screening of the Coulomb repulsion by the filled of the E,
band pocket and the opening of a SDW energy gap in the
wider E; band may lead to an insulating state with a U
value much larger than the effective screened repulsion in
the metallic regime.

Since the present calculations yield an improved
outlook for the existence of acoustic plasmons using the
standard random-phase approximation for a pair of two-
dimensional tight-binding bands, they should motivate
studies of self-energy and vertex corrections to these
types of structures in the future.
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