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Inverse dielectric response function for copper oxide superconductors
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We use a layered-electron-gas model to calculate the inverse electronic dielectric response functions
for the normal state of copper oxide superconductors with one and two copper oxide layers per unit cell.
Our calculation demonstrates that the low-energy electronic collective-excitation spectrum consists of
both acoustic and optic plasmons. The acoustic plasmon modes are found to be well behaved only for
certain restricted values of the wave vector and damping parameter. Our computed optical inverse
dielectric response function exhibits one peak in the low-energy region and varies as Pro' for 0~ to ~ co~.
Here P is a material-dependent parameter and to~ is the position of the peak that corresponds to the in-
traband optic plasmon mode. Our calculated optical dielectric response functions show excellent agree-
ment with the experimental results of Bozovic for 0 co & co~.

I. INTRODUCTION

The plasmons in copper oxide ceramics have been the
subject of immense interest, ever since the discovery of
high-temperature superconductivity in these materi-
als. ' There have been several experimental and
theoretical studies on the plasmons and the electron-
energy-loss function for the copper oxide ceramics. The
reason for this interest is twofold: First, many proposed
theoretical mechanisms of the high-temperature super-
conductivity are based on a plasmon-mediated electron-
electron interaction potential. ' (The kind of plasmon
modes proposed to give rise to an attractive interaction
potential varies from calculation to calculation, however. )

Second, the plasma frequency co is one of the key param-
eters required to characterize the normal state of a super-
conductor. In order to elucidate a plasmon-based mecha-
nism of high-T, superconductivity, one requires complete
knowledge of the low-energy electronic excitations,
which can be inferred from the inverse dielectric response
function (IDRF) of the system. Moreover, many-body
theories of several important properties, such as light
scattering, electron energy loss, reflection and absorption
of light, conductivity, etc. , can be built around the IDRF.
In view of this, we use in this paper, a layered-electron-
gas (LEG) model to perform a calculation of the IDRF
for the normal state of copper oxide ceramics.

The IDRF, together with the real and imaginary parts
of dielectric response function, has recently been mea-
sured by several workers' ' for the normal state of
La2 Sr Cu04, YBa2Cu307, and T12Ba2Ca2Cu30)0 su-

perconductors. Bozovic' measured the optical IDRF of
YBa2Cu307, Bi2Sr2CaCu208, and T12Ba2CazCu30, 0. He
found (i) that the IDRF varies as Pw for O~co~co~,
where P is a material-dependent parameter, (ii) that there
is only one broad peak in the IDRF in the low-energy re-
gion, and (iii) that the plasmon spectrum consists of both
optic and acoustic plasmon modes. The measured behav-
ior is certainly not Drude-like. Bozovic suggested that
his measured behavior of IDRF may be compatible with
the LEG model. The low-energy collective excitations

have also been measured by Nucker et al. for
Ba2Sr2CaCu208, using electron-energy-loss spectroscopy
(EELS). They observed that the measured plasmon mode
is a well-behaved optic plasmon mode for small values of
q, which is the a-b-plane component of wave vector.
However, for higher q values, the observed mode is
strongly damped, showing that it is in a region of intra-
band and interband excitations. The peak height of mea-
sured IDRF is found to decrease with increasing q.

This paper deals with the calculation of IDRF for the
normal state of ceramics, such as La2 Sr„Cu04, with
one Cu-0 layer per unit cell and ceramics such as
Ba2Sr2CaCuz08, with two Cu-0 layers per unit ce11. The
main assumptions of our calculation are as follows: the
single crystal of a copper oxide ceramic can be viewed as
an infinite array of Cu-0 layers separated from one
another by a block of nonconducting layers. A Cu-0 lay-
er consists of free charge carriers and the bound elec-
trons; the latter are also found in the nonconducting lay-
ers. The system can therefore be modeled to be an array
of two-dimensional sheets of charge carriers (2DSCC),
which are embedded in a layered polarizable dielectric
host medium with dielectric constant e~(co). The dis-
tance between any two consecutive Cu-0 layers of ceram-
ics, such as Laz „Sr,Cu04 is the same and hence, a mod-
el unit cell can be constructed by joining two consecutive
2DSCC. For ceramics like BazSr2CaCu208, three con-
secutive Cu-0 layers are periodically repeated and a mod-
el unit cell can be made by joining any three consecutive
2DSCC. The length of the unit cell along the c axis is
taken to be d for both cases. The distance between the
bottom and the middle 2DSCC for materials like
Ba2Sr2CaCuq08 is taken to be d, .

Our calculation shows the following: (i) the LEG mod-
el does yield a ~ dependence of the IDRF for 0 ~ co ~ co

for normal-incidence light, (ii) the peak height of the
IDRF decreases with increasing q. We have to, however,
take a linear co dependence for the damping parameter y
in our calculation. We also find that plasmon spectrum
consists of both optic and acoustic plasmon modes.
However, the acoustic plasmon modes are very sensitive
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to changes in q and y; they cease to exist for higher
values of q and y. The remainder of this paper is organ-
ized as follows: the details of our calculation are given in
Sec. II. We present, in Sec. III, a discussion of our re-
sults. Our work is then summarized in Sec. IV.

II. CALCULATIONAL DETAILS

Our model system consists of conduction charge car-
riers confined in 2D sheets along a -b planes and of bound
electrons which are associated with the host medium.
The 2D charge carriers give rise to low-energy intraband
plasmons, while the bound electrons can yield interband
plasmons. The effective interaction potential for model
system can be given as' '

1

V. .(q, co, q ) = g e;' (q, co, q ) VJ J(q, co q ) ~

j'=0

( q, co, q) is the inverse of e~(q, co, q, )

e, (q, coq, ) and V,"(q,co, q, ) are given by

e, .(q, co, q, )=es(co)5,"—
V~~J(q, coq, )m(q, co), (2)

exp( q~ R,J I
I )
—+exp( iq, d )

V,"(q,q, ) =
q exp(iq, d) —exp( —qd)

exp( —q~R,J ~l) —exp( —qd)+ .
"

, (3)
exp( iq, d ) —exp( —qd )

with

V3(q q, co) = Voi ea(co)/'(q q. co)

V4(q q co) = V]pcs (co)/e&(q, q„co)

with

e(q, q„~)= 'e(~)

(9a)

(9b)

+ [2es(co)+P(q, co)f (q)]P(q, co)S (q, q, ),
(10)

V~(q, q„co)= Voo/[ez(co)+P(q, co)S(q,co)],

where Voo can be simplified to (2m.e /q)S(q, q, ), with

sinh(qd)
cosh(qd) —cos(q, d)

&he P (q, co) is the dynamical susceptibility defined as

P(q, co)= — m(q, co) .2&e

q

Equation (1) yields two diagonal terms ( Voo and V~, ) and
two off-diagonal terms (Vo& and V&o) for systems with
two 2DSCC per unit cell. The diagonal terms, which are
identical, give rise to an effective intralayer potential
V2(q, q„co), while the off-diagonal terms describe the in-
terlayer interaction potentials V3 (q, q„co) and
V4(q, q„co). We can then write

V2(q q co)= Vcm[es(co)+p(q, co)f (q)]/e(q, q„co), (8)

and

E2
es(co) =1+

Eg (co+i a )—

VeJ(q, q, )—:V,;(q, —q, ) = V, (q, q, ) .

(4)

f (q) = [cosh(qd) —cosh(qd')]/sinh(qd) .

Here, d'=2d& —d. The model IDRF for materials
such as La& „Sr„CuO~ is given by V, /Veo. For materi-
als such as Ba2Sr2CaCu204, VJ forms a 2 X 2 matrix. The
eigenvalues of the matrix give rise to the two effective
IDRF of our model system:

In Eqs. (1)—(4) i, j, and j' represent the indices of
2DSCC in a unit cell. The q, is the component of wave
vector along the c axis. R; is the distance between the
ith and jth 2DSCC in a unit cell. E and E are, respec-
tively the plasma energy and energy-band gap for inter-
band transitions. Equation (1) yields the effective in-
tralayer interaction potential for i =j, while for i' it
gives the effective interlayer interaction potential. For
systems with one 2DSCC per unit cell, i, j, and j' can
take on only one single value of either 0 or 1, while for
systems with two 2DSCC per unit cell, i, j, and j' can be
assigned two values, 0 and 1. In the former case, Eq. (1)
gives only the diagonal terms V00 and V», which are
identical and can be given

Vz(q, co, q, )
T+(q, co, q, ) =

Vo (q, q, )

es(co)[ Vo, (q, q, ) V,e(q, q, )]'
+

Voo(q, q, )e(q, co,q, )
(12)

T+ corresponds to the in-phase and out-of-phase oscilla-
tions of the two 2DSCC of a unit cell. The IDRF for sin-
gle 2DSCC in materials with one or two 2DSCC per unit
cell can be evaluated by dividing the q, average of
V, (q, q„co) and VooT+(q, q„co) by 2ne/q, respe.ctively.
The average of VT+ does not significantly differ from
that of V2(q, co, q, ). The q, averages of V, (q, q„co) and
V2(q, q„co) are given as

V, (q, co)= C+/[G (q, co) —es(co)csch (qd)]'
q

(13)

2 e
V, (q, co)= D+[es(co)+P(q, co)f(q)]/[H'(q, co) es(co)csch'(qd)]-' ',

q
(14)
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with

G (q, a&) =e~(rv )coth(qd) +P(q, m),

0 (q, ~)=e~ (co)coth(qd )

(15)

qe kF/m*
P(q, )=

q vF/2 —co (1+i5)
(17)

where k~ and UF are the Fermi wave vector and Fermi
velocity, respectively. m' is the effective mass of a
charge carrier.

III. RESULTS AND DISCUSSIONS

+P(q, co)[2e&(co)+P(q,co)f (q)) . (16)

Here, C+ and D+ denote the signs of the real parts of
G(q, m) and II(q, co), respectively.

A realistic calculation of P(q, co) for single 2DSCC de-
pends on several aspects of the behavior of charge car-
riers. Marginal-Fermi-liquid' and nested-Fermi-liquid'
theories have been proposed for calculations of an ap-
propriate P ( q, co) for the copper oxide ceramics.
Random-phase-approximation (RPA) forms of P(q, e)
have also been used to describe the plasmons and
electron-energy-loss function of the copper oxide ceram-
ics. ' As we too aim to evaluate the plasmon dispersion
relation and IDRF, we use the RPA P(q, co) in Eqs.
(5)—(13). However, we also introduce a linear co depen-
dence in y in order to take into account strong correla-
tion effects, in an ad hoc manner. ' The collective excita-
tion modes are usually well defined for small q and co, and
so a realistic form of the RPA P(q, co) for a 2DSCC can
be taken as

other hand, are well behaved for reasonably high values
of q and 5. The optic plasmons have been observed in
both light-scattering as well EELS experiments. Nucker
et al. has measured the electron-energy-loss function of
Ba2Sr2CaCu20g for various q values, using EELS. They
observed only one peak in the loss function in the low-

energy range; this peak corresponds to the intraband op-
tic plasmon mode. They also found that the height of
peak decreases with increasing q.

We computed T+ (q, co, q, ) as a function of co at
different q and 5 values for q, ~0. For computation, we

used m*=1.4 m„n =5.2X10 ' cm, d =30.8 A,
E =8.4 eV, E =5.3 eV, and a=1.2' eV. We found
that T+(q, co, q ) exhibits two peaks for 0~5~0.2 and
0~q &0.5 A . For 5&0.2 there is only one peak at all

q values. We found that our calculated peak positions of
T+ show excellent agreement with those of measured
energy-loss function at all q values, for 5=0.3, as it can
be seen from the Fig. 1. In Fig. 2, we plot our calculated
peak height of T+(q, co, q, ) as a function q. The figure
demonstrates that the peak height decreases with the in-

crease of q. This is in accordance with the experimental
observations of Nucker et al.

In order to compare our calculation with the experi-
rnental results of Bozovic' on optical IDRF, we cornput-
ed the q- and q, -averaged imaginary part of

T+(q, e, q, ) V (ooq, q, ) .

Our q- and q, -averaged imaginary part of

T+(q, co, q, ) Voo(q, q, )

divided by 2m.e d corresponds to the optical IDRF for

The plasmons in materials such as La2 „Sr„Cu04 are
given by the zeros of V~/V„while that of materials
such as Ba2Sr2CaCu208 are given by the poles of
T+(q, q„co) The zeros . of Voo/V, give rise to a full band
of in-plane plasmon modes. The lower and upper edge of
the band occur at q, d =m and at q, d =0, respectively.
The band consists of acoustic and optic plasmons. This
can be more explicitly seen from Eq. (13). The poles of
Eq. (13) yield two plasmon modes; the lower one behaves
as co -co,qd/2, while the upper mode co + tends to co,

as q~0, where co&=2e k+/m*d. On the other hand, the
poles of T+(q, q„co) give rise to two bands of in-plane
plasmon modes. The upper band is very much similar to
that obtained from the zeros of V/V&. This band again
consists of acoustic and optic plasrnons. However, the
lower band consists of only acoustic plasmons. The poles
of the Eq. (14) yield four plasmon modes, three of which
are of acoustic nature, while the fourth is an optic
plasmon mode. As q ~0, they are approximately
co

&

—(2/3)'~ co&qd, co z-(1/6)' co&qd, co 3
—(1/3)co&qd,

and co~4- (2)'~ co, . The acoustic plasmon modes are
found to be well behaved only for small q and 5 values;
for higher values of q and 5, these modes cease to exist.
For oxide ceramics, 5 is reasonably high (because of low
mobility) and acoustic plasmons are severely damped and
therefore have not been observed in light-scattering and
EELS experiments. The optic plasmon modes, on the
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FIG. 1. Plasmon energy as a function of q . Our calculation
(solid line). Dotted open circles are experimental points from
Ref. 4.
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normal incidence of light, which has been the case in
Bozovic's experiments. We used above mentioned values
of m', n, d, E~, Es, and a. The 5 is taken to be 0.16.
Our computed optical IDRF along with the experimental
results of Bozovic is plotted in Fig. 3, for Ba2Sr2CaCu208.
As we can see from the figure, our calculated optical
IDRF shows only one peak in the low-energy range and
varies as pro for 0 ~ co ~ co . The co~ is the position of the
peak corresponding to co&&. Our theoretical results are
also seen to be in excellent agreement with the experi-
rnental data for O~co ~co . The agreement between our
calculation and the experimental results is, however, not
very good for co ~ co . The reason may be that our model
calculation does not properly incorporate interband tran-
sitions, which contribute significantly for co u . We
also calculated the Drude IDRF, using a linear co-

dependent damping parameter. The best possible agree-
ment between the Drude IDRF and the experimental
data can be obtained with the use of co = 15 eV,
a—:y =0.62co eV, E =10 eV, and E =7 eV. The Drude
formula also gives pro of the IDRF for small-co values.
However, the Drude formula does not reproduce any
part of the experimental curve, for any possible choice of
values of the parameters. In passing, we would like to
mention that Virosztek and Ruvalds' used a co depen-
dence of m ', together with a linear co dependence of y, in
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FIG. 3. The imaginary part of optical inverse dielectric
response function plotted as function of co for Ba2Sr2CaCu&08.
The open-circle curve shows experimental results from Ref. 1.
The solid curve is from our calculation, and the dotted curve is
from the Drude model.
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FIG. 2. The peak height of inverse dielectric response func-
tion plotted as a function of q.

the Drude formula, in order to obtain a good agreement
between their calculation and the experimental results.
However, the value of y used in the Drude formula seems
to be too high a value of damping constant for using the
Fermi-liquid quasiparticle hypothesis. On the other
hand, the value of y used in our calculation is reasonably
compatible with the quasiparticle hypothesis. We note
here that the Drude formula does not incorporate the
acoustic plasmon modes. We therefore can conclude that
the pcs of our calculated IDRF comes partly from the
linear co dependence of y and partly from the acoustic
plasrnon modes. The co dependence of the IDRF due to
acoustic plasmon modes has also been pointed out by Bo-
zovic. ' During our computation, we notice that p is very
sensitive to the changes in m *, 5, E, and E . From our
calculation, we estimate p=0. 31 for Ba2Sr2CaCu20s.

In Fig. 4, we plotted our calculated optical IDRF
along with the experimental results of Bozovic' for
YBa2CU307. We used m ' = 1 .25m„d = I 1 .7 A.,
n =7X10 ' cm, E =6.7 eV, E =5. 1 eV, a=0.9' eV,
and 5=0.18, for our computation. Our calculated opti-
cal IDRF for YBa2Cu307 also varies as Pro and shows an
excellent agreement with the experimental results of Bo-
zovic for 0 ~ co ~ co, as it can be seen from the figure. We
estimate p=0. 21 for YBa2Cu307 from our calculation.

Our computed optical IDRF for La& Sr Cu04 is
plotted in Fig. 5. For our computation, we used
m'=m„d =13.25 A, 5=0.25, a=0.9' eV, E =8 eV,
5=0.21, E =6.2 eV, and n =5X10 ' cm . As it can
be seen from the figure, our calculated optical IDRF



A. G. SHARMA AND INA KULSHRESTHA

0.4 0.4

a 0.3
H

o 02

~ 0.3-
CL
O
LUx

0.2-

K
CL

lK

X
C0

Q

0. 1

X

1 2

ENERGY(eV)

fNERGY (IV)

FIG. 5. The imaginary part of our calculated optical inverse
dielectric response function for La2 „Sr„Cu04.

FIG. 4. Plot of the imaginary part of optical inverse dielec-
tric response function for YBa2Cu307. The (open-circle) curve
shows experimental results from Ref. 1. The solid curve is from
our calculation.

varies as Pco for La&, Sr„CuO~ too, for O~co~co . We
estimate p=0. 87 for La2 „Sr Cu04 from our calcula-
tion.

IV. CONCLUSIONS

and hence may not be observed in EELS and light-
scattering experiments. Our calculation shows that the
peak height of the optic plasmon mode decreases with in-
creasing q, which is in agreement with the experimental
observations of Nucker et al. Our calculated optical
IDRF shows only one peak and varies as Pro for
O~cu~m in the low-energy range. Also, our IDRF
shows an excellent agreement with the experimental re-
sults of Bozovic, ' for 0 ~ ~ ~ ~~, for Ba2Sr2CaCu208 and
YBazCu307. The value of p depends on the various pa-
rameters used in our calculations.

We calculated the IDRF for the copper oxide ceramics
with either one or two Cu-0 layers per unit cell. We find
that the low-energy plasmon spectrum consists of both
acoustic and optic plasmon modes. A 2DSCC for ceram-
ic with a one Cu-O layer per unit supports one acoustic
and one optic plasmon mode. On the other hand, a
2DSCC for ceramics with two Cu-0 layers per unit cell
supports three acoustic and optic plasmon modes. How-
ever, the acoustic plasmon modes are severely damped
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