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Plasmons and high-temperature superconductivity in alloys of copper oxides

J. Ruvalds*
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138

(Received 23 March 1987; revised manuscript received 7 May 1987)

The two-dimensional character of the electronic structure of N-N-Cu-0 alloys, with M La, Y
and N Ba,Sm, . . . , is shown to favor the formation of "acoustic" plasmons at energies above
the acoustic phonons. Providing that the Fermi energy intersects a small pocket of electrons (or
holes) in addition to the expected occupation of a primary electron (or hole) band, the plasma os-
cillations of the secondary charge carriers may provide a mechanism for room-temperature super-
conductivity.

The recent discovery of alloys which remain supercon-
ducting at high temperatures has spurred a remarkable
surge of interest and research activity. The initial low-key
report' of a superconducting transition near 30 K in La-
Ba-Cu-0 compounds set the stage for a rapidly escalating
series of measurements and reports of new materials such
as Y-Ba-Cu-0 with transition temperatures of T, =90
K. Superconducting features at even higher tempera-
tures have been reported in The New York Times, and the
quest for a room-temperature superconductor has been re-
juvenated with intense and spirited rivalry.

Prior to these developments, the superconducting prop-
erties of most metals were explained by the BCS theory,
which invokes a phonon-mediated interaction between
electrons to form superconducting pairs under certain cir-
cumstances. A slightly modified form of the weak cou-
pling result for the transition temperature can be written
as

creating a metallic hydrogen state in the laboratory.
Other excitations with much higher frequencies, such as

excitons and plasmons have also been examined in the
past, but they suffer a dual handicap. On the one hand, if
the equivalent "Debye" energy 0 is too large, say B=EF,
then the Coulomb repulsion between electrons is not re-
duced as much as in the phonon case; a glance at Eq. (2)
illustrates the most direct consequence of the high-energy
modes. Furthermore, the Migdal theorem becomes
doubtful and a much more detailed analysis of the dielec-
tric screening is required. Yet another difficulty arises for
very high-frequency excitations from the solutions of the
Eliashberg equations for superconducting pairing. These
yield an expression for the boson-mediated electron pair-
ing parameter.

X=2 ddco
N

T, =0.70D exp

where BD is a Debye frequency representing the lattice vi-
brations, X, is the electron-phonon coupling parameter, and
the modified Coulomb repulsion p* is defined by

p
1+p ln(EF/gD)

(2)

In typical metals the phonon frequencies are much smaller
than the Fermi energy EF, and thus the effect of the aver-
age Coulomb repulsion p between electrons is reduced to
a small correction of order p* =0.1. Hence if the
electron-phonon coupling X can be of order unity, and if
00=300 K, it is reasonable to expect that T, =20 K.
However, considerably higher transition temperatures are
difficult to envision for the phonon spectra of ordinary
metals.

An exceptional case which has long been regarded as a
candidate for a room-temperature superconductor is me-
tallic hydrogen. By virtue of its light ion mass the hydro-
gen phonon vibrations may extend to very high values, say
BD=3000 K, and thereby enhance the T, prospects as
seen in Eq. (1). Calculations of the corresponding X and
p* parameters for metallic hydrogen support the hope of
T, =200 K, and thus lend impetus to the challenge of

where F(to) is the boson density of states and a2
represents the coupling strength between electrons and bo-
sons. From this relation, it appears that k is reduced in
the case of commonplace high-frequency bosons. Hence,
elevating the boson energy too far has the combined des-
tructive influence in reducing the electron-electron attrac-
tion A., increasing their repulsion p*, and thereby dramati-
cally lowering the exponential term in Eq. (1); the result
is a negation of the positive inhuence on T, achieved by a
larger prefactor 0.

Incidentally, the above considerations provide part of
the motivation for the commonly used "soft" phonon
mechanism for enhancing T„ in the sense that very low-
energy phonons may enhance the k parameter sufficiently
to overcome a smaller prefactor 0 in that case.

An alternate mechanism for electron pairing mediated
by intermediate energy acoustic plasmons in transition
metals was originally proposed by Frohlich. A review of
research efforts to establish the possible existence of these
modes in metals is presented in Ref. 6.

The recently discovered high-T, superconductors are
notable for an extreme sensitivity to alloy composition.
For example, La2Cu04 is not superconducting, whereas
La2 „Ba Cu4 has T, =40 K under pressure with x=0.2,
and (Yt —„Ba„)&Cu04 has T, =90 K providing x=0.4. 2

This unusual behavior provides the principal clue to our
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investigation, especially since bulk properties such as the
averaged phonon spectrum or the ordinary plasmon
response are not expected to vary dramatically over such a
small impurity concentration range.

We propose that the superconductivity of the La-M-
Cu-0 alloys may be attributed to low-energy plasmon ex-
citations extending to corresponding values of 8~I=3000
K. The prospects for creating such modes are greatly
enhanced by the two-dimensional nature of the electronic
energy spectrum which gives rise to an "acoustic"
plasmon branch, in the sense that the plasmon energy
behaves as
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co~ = (aq+ bq ) ' (4)

where the coeScients a and b are determined by the
dielectric screening and the branch remains well defined
outside the electron-hole continuum up to a cutoff'
momentum q, . However, we emphasize that a single
branch, appropriate to La2Cu04 for example, is not a like-
ly candidate for inducing superconducting electron pair-
ing because of its very high frequency (8—2 eV) and the
arguments cited above. Hence, we are led to examine a
secondary, lower energy, plasmon branch which may be
created by proper alloying.

A likely situation for the formation of the low-energy
plasmon models is illustrated in Fig. 1 where the represen-
tation of the electronic structure near the Fermi energy
has been patterned after the current band-structure re-
sults ' for La2Cu04. The key feature of these electron
bands is the two-dimensional nature of the electron dy-
namics. Thus, within the plane of motion, we may ap-
proximate the energies as Ep (k„+k~ )/2m~ and
EI =(k„+k ~) 2/m *c, where the eII'ective masses mc* and
mI, refer to the curvature of the l and h bands, respective-
ly. The two-dimensional character of the bands greatly
favors the criterion for creating undamped plasmon modes
at intermediate energies with a dispersion relation of Eq.

FIG. 1. Representation of the electron energy as a function of
momentum. The shape of EI and Ep„as well as the Fermi ener-

gy EF, for La2Cu04 is patterned after the band-structure calcu-
lations of Refs. 9 and 10. The inAuence of alloying may lower
the Fermi energy as shown by the dot-dash line intersecting both
bands.

(4), which is reminiscent of acoustic modes with their
=cq. If the Fermi energy intersects only the EI band,

as shown in Fig. 1 for the La2Cu04 compound, then a sin-

gle plasmon branch will appear. However, the interesting
poss&bility regarding high-T, superconductivity is the situ-
ation where the Fermi energy intersects both bands, thus
creating a small pocket of h charge carriers which can os-
cillate at intermediate energies and mediate the pairing
interaction of the l electron (or hole) states.

The plasmon spectrum for the two-band case follows
readily from the dielectric function e(q, co) in two dimen-
sions. A convenient choice of dimensionless variables is to
measure wave vectors in units of kF and frequencies in
units of 2EF/h. Then, introducing a=0.22r„where r, is
the usual average electron spacing, and the variables
v~ =+ co/k —k/2, the dielectric function for a single
band can be evaluated to find

and

Re@(q, co) =1+ [k+sgn(v+) 8(vP —1)(v+ —1) ' +sgn(v-) 8(v- —1)(v- —1) ' ],
k

Ime(q, co) =, [8(1 —v$ ) (1 —v+) ' ' —8(1 —v' ) (1 —v' ) ' ') .
k

(sa)

(sb)

The total dielectric function is etpt ] EI+Epg and the indi-
vidual I and h contributions naturally include their respec--
tive screening parameters r„EF, and kF. The plasmon
dispersion in this two-dimensional case is quite diA'erent
from the usual three-dimensional "optic" plasmon coun-
terpart. From Eq. (5), even a single electron band will
generate an "acoustic" plasmon mode with the energy
spectrum co&I =(aq+bq 2) 'l, where a=ma and b 0.75 in
these units. The resulting two-band spectrum can be
readily calculated from Eq. (5), using the band-structure
model appropriate to alloys of La-M-Cu-O. The results
are shown in Fig. 2, where the two shaded regions of the l
and h electron-hole continuum indicate the values of m

and q where Landau damping of the plasmons would be
possible by virtue of the nonvanishing imaginary part
Ime(q, co). The small pocket of h charge carriers shifts

I

the l-plasmon branch somewhat, but this higher-
frequency mode is expected to persist whether or not the
Fermi energy intersects both l and h bands, and therefore
may be present in nonsuperconducting alloys in the La-
M-Cu-0 series. However, the lower-energy h-plasmon
branch becomes a candidate for a superconductivity
mechanism only if the Fermi energy intersects the Ep
band as well. In that case, the screening of the h electrons
(or holes) by the primary l carriers tends to shift the
"acoustic" h branch to higher frequencies, as illustrated in
Fig. 2. Since this h branch of the plasmon spectrum may
have a corresponding "Debye" energy of 8~~-3000 K, it
has many of the desirable features which are anticipated
for a plasmon-mediated mechanism for high-temperature
superconductivity.

Finally, we estimate the corresponding electron pairing
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FIG. 2. Excitation spectrum proposed for certain alloys of the
La-M-Cu-0 series. The energy e and the momentum q are
scaled to the Fermi energy measured from the top of the Ez
secondary band pocket. Thus the lower "acoustic" h plasmon
may extend to an energy of order co~&=0.25 eV 3000 K. The
primary I plasmon is expected to extend to much higher ener-
gies, co~~=2 eV, and should be present in La2Cu04, while the
lower-energy h-plasmon branch is predicted only for the high-T,
superconducting alloys.
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FIG. 3. The plasmon density of states F(co) shown for the
two-dimensional dispersion relation using a 1 and b 1. By
comparison, two-dimensional acoustic phonons would have
F(a))~ a)

parameter k and p* corresponding to the "acoustic"
plasmon exchange process. Our analysis resembles the
calculations for metallic hydrogen. For the p* defined in
Eq. (2) we have the standard definition of the averaged
Coulomb repulsion.

qp'e(q, O)
(6)

where v~ is the Coulomb interaction, N(0) is the density
of states at the Fermi energy, and e(q, O) is the static limit
of Eq. (5). For parameters appropriate to the placement
of the Fermi energy in Fig. 1 (for the superconducting al-
loy) we estimate p =4.6 and p*=0.4. As long as the h-
plasmon energy 8~~ remains below 3000 K, the p* param-
eter is thus reasonably small. Computation of the
electron-plasmon interaction follows the Eliashberg equa-
tion solution of Eq. (3) with a =N(0)(qv (q)), and
F(ro) is the density of states for the h-plasmon branch.
Here a secondary benefit of the two-dimensional electron
dynamics becomes evident because the restricted dimen-
sionality enhances the phonon density of states at lower
frequencies and thus enhances k. The density of states
F(ro) is shown as a function of the dimensionless frequen-
cy in Fig. 3 for the h-plasmon dispersion of Eq. (4). For
comparison, a truly acoustic-plasmon branch, with a 0,
would give F(ro) ~ co in two dimensions and such a pristine
mode would increase k by a factor of 2 over the present
case. It is worth mentioning that the three-dimensional
analog would be FsD(ro)~ro2 which yields considerably
smaller values. For the case depicted in the figures in this
paper we thus estimate X=1.4 and therefore T, =200 K.
The transition temperature is very sensitive to changes in
the plasmon frequency 8~~. The current model gives the
following correlations: for 8&~ 1800 K, A, 1.5,
p* 0.36, and T, 107 K; for 0&~ 1200 K, X, 1.4,

p* 0.30, and T, 60 K; for 0~~ 600 K, X =0.76,
p* 0.26, and T, -32 K. Hence T, is strongly related to
the position of the Fermi energy and this novel feature
suggests interesting experimental tests which may probe
the validity of the two-band plasmon mechanism proposed
here.

It should be noted that the above estimate of T, is crude
and should be examined independently by including ex-
change and correlation corrections to the electronic
screening as well as more sophisticated analysis of the
Eliashberg equations. "

Experimental probes of these predicted low-energy
plasmon modes in La-M-Cu-0 and Y-Ba-Cu-0 supercon-
ductors may elucidate the optimum conditions for achiev-
ing higher transition temperatures. Of course their ex-
istence should be established first, and possible measure-
ments include electron tunneling spectroscopy, electron
loss, infrared absorption, and high-frequency acoustic at-
tenuation studies. Neutron scattering may indirectly re-
veal structure in those optical phonons which intersect the
plasmon branch.

A limitation on the plasmon mechanism is imposed by
the electron scattering rate which may be influenced by
impurities, lattice defects, phonon scattering, and possibly
by other means. Thus, the intrinsic plasmon damping will
be sensitive to crystal disorder and alloy composition.
Also, alloying may shift the Fermi energy or the relative
separation of the energy bands in such a way as to allow
decay of the lower branch into the electron-hole continu-
um.

The present results indicate that other materials with
two-dimensional electronic structure are likely candidates
for high-temperature superconductivity, providing that
two appropriate energy bands coexist near the Fermi ener-
gy. Naturally, the three-dimensional electron plasma con-
sidered originally by Frohlich and others should also be
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reexamined in view of the recent discoveries of high-T, al-
loys. In this connection, it is worth mentioning that the
anomalous concentration dependence of T, in the oxides
referred to as tungsten bronzes, i.e., M„WOs, has been at-
tributed to an acoustic-plasmon mechanism. '

Our conclusions will hopefully serve to stimulate
cooperative eA'orts by experts in band calculations and
many-body theorists. The electronic structure provides a
valuable guide to the choice of materials which may ex-
hibit acoustic-plasmon oscillations, and their role in super-
conducting electron pairing merits further study in regard
to higher-order screening corrections. Finally, strong cou-
pling solutions of the Eliashberg equations should be ex-
amined to ascertain the credibility of the plasmon mecha-

nism as a candidate for room-temperature superconduc-
tivity.

After this manuscript was submitted, supporting evi-
dence for the two-band structure envisioned here was ob-
tained for the Y-Ba-Cu-0 superconductors from the
Mattheiss band-structure calculation' and resonant pho-
toemission spectroscopy data. '
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