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When we combine the long-range charge fluctuations induced by the Coulomb interaction with the short-range interac-
tion mediated by the exchange of anti-ferromagnetic spin fluctuations of localized spins as is realized in magnetic-
polaron systems, superconductivity with T of the order of 100 K is expected to occur, when the r, parameter of the

system is around 6.

A salient feature of the high-T, copper-oxide supercon-
ductors is that superconductivity appears in the close
neighborhood of a magnetically ordered phase. This has
led Anderson to the study of a model which contains
only a short-range Coulomb repulsion.” At present,
most people proceed along the direction. However, there
are another feature of the system. The carrier density is
low. If one considers this point to be more important,
one should study a model which includes a long-range
Coulomb repulsion.? In this paper, we report the
calculated results of 7, obtained along this direction.

The present author has made quantitative studies of
superconductivity in low-carrier-density systems such as
doped SrTiOs¥ and graphite-alkali metal intercalation
compounds.? Through these studies, we have found that
the long-range Coulomb interaction does not destroy but
help superconductivity when the carrier density is low. In
particular, it is predicted that superconductivity should
appear even in an electron gas with the aid of the long-
range charge fluctuations induced by the Coulomb in-
teraction when the electronic density parameter, 7y, is
larger than 3.9.% Since the systems treated so far do not
have a mechanism which becomes effective at short-range
distances, their 7.’s are at most 1 K. But if we can in-
troduce some mechanism to enhance short-range correla-
tions and combine it with the long-range charge-fluctua-
tion mechanism, we may be able to produce a high-T.
superconductor. A hint on the additional mechanism can
be obtained, when we view the copper-oxides in the
following way: The mobile carriers are the p-like holes at
the oxide sites. If we regard the d-like holes at each cop-
per site as localized spins which interact with the carriers
through the d-p exchange interaction, a picture of a
dense-magnetic-polaron system appears.

In magnetic-polaron systems, electrons with anti-
parallel spins interact through both the long-range
Coulomb repulsion and the exchange of spin fluctuations
of localized spins, Cx(g), where x(g) is the spin suscep-
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tibility of localized spins and a positive constant C con-
tains the coupling constants between electrons and spins.
An approximate form for x(g) is usually given by

x(q)=B/l(g— Q)+ DI, ey
with some vector @ and constants B and D. When we
take an angular average of Eq. (1), we may describe the
Hamiltonian of the system as
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with the bare interaction ¥ (g), given by
47e? £
Vig)= - (3)

+

q* (g—qoy+aqi |
where x is the dielectric constant. For the bare single-
particle energy &, we will take the parabolic form
k?/2m* with an effective mass m*. When go= 0, the spin
system has a tendency to order ferromagnetically, while
for g of the order of the Fermi wave number &, the sec-
ond term in Eq. (3) represents the effect of anti-fer-
romagnetic spin fluctuations.

Once we know the Hamiltonian of the type of Eq. (2),
we can make a first-principles calculation of T: for s-
wave pairings by the method described in ref. 5. In Fig. 1,
we have plotted T in units of K* [=(m™/m.x?) degrees
Kelvin] by solid curves as a function of go, where m, is
the mass of a free electron We have considered the case in
which the width ¢;=0.2kr and r, [=m*e?/(0.521kks)]
=8. For ¢go<1.8kr, T. with the strength ¢=0.01 is lower
than that without the second term in Eq. (3) (i.e., €=0).
However, for ¢o larger than that , T. is enhanced very
much. (Dashed curves represent T with the use of the
bare single-particle energy & in the gap equation instead
of the renormalized single-particle energy &. These
results give a useful guideline to estimate the magnitude
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Fig. 1. Calculated 7, as a function of the pe:ak position g, in E_q. 3). 101/ |

Solid and dashed curves represent, respectively, the results with the

use of the fully renormalized and bare single-particle energies in the i , . . . ) )

gap equation. 0 001 002 003 004 005 006 QO7
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of errors involved in the calculation.) Qualitatively, this
behavior of 7. agrees with the argument that fer- 110 —
romagnetic spin fluctuations suppress superconductivity
with spin-singlet pairs, while anti-ferromagnetic ones 100 =
enhance it.” In Figs. 2(a) and 2(b), we have given the 77 Gy=0.2k
results of T, as a function of ¢ by changing 7, and ¢g,. We %0 |
have fixed go to 2kr. In these figures, we have shown the 80 i
results only for the case in which z,;.], the renormaliza-
tion factor at the Fermi surface, is positive, because 70 7
negative z;,' indicates that a metal-insulator transition oc- < 60 \ 04K |
curs in the system. In general, 7. increases as g, becomes I S
smaller. An optimum T, over 100K* is obtained for 50 _
r=6.

We have to make a few comments: Firstly, although 7. 40r .
is enhanced very much by the second term in Eq. (3), the 301 ]
long-range nature of the first term is very important . If
we replace 1/¢* with 1/(g*+¢3), T. decreases quite rap- 20- g -
idly with the increase of g,. For q,> 0.4k, superconduc- qs = 2k
tivity disappears. Secondly, we have to take account of 10r 0 F
lattice structures, when we treat short-range properties. | | | | | |
In the present case, an angular-dependent interaction as 0 001 002 003 004 005 006 007
indicated in Eq. (1) should be considered. Such an in- 3
teraction will favor anisotropic pairs in general, but the (b)

present author believes from the experience in ref. 4 that - ) .

the magnitude of 7., itself does not change so much from ig. 2. Calculated results of T, asa function of ¢ for various values gf
) : ; = X 7y [case (a)] and g, [case (b)]. g, is fixed to 2kg. Only the cases for z f

the value which we have obtained in this paper, even if >0 are shown in the figure. "

the real shape of the gap is very different from an

isotropic one. Thirdly, V(g) should be spin-dependent in

the magnetic-polaron system, while Eq. (3) is spin-in-

dependent. Thus, in order to make a more serious discus-

sion on a possibility of high-7. superconductivity in 1) P. W. Anderson: Science 235 (1987) 1196. .

dense m.agnetic polarons, we have to extend our method K gr::mﬁ,nge.r;inl;f?;iegd.ﬂl;lys s?og?tvs/zzlfj:g;e\l/.S;éiq:;?iu;{l;gg

to a spin-dependent formalism. In fact, our present 3) Y. Takada: J. Phys Soc. Jpn. 49 (1980) 1267.

method is implicitly spin-dependent and a small change 4) Y. Takada. J. Phys Soc. Jpn. 51 (1982) 63.

in the bare potential between electrons with parallel spins  5) Y. Takada: Phys. Rev. B37 (1988) 155.

does not give a large effect on T. for anti-parallel-spin 6) . E..Hir§ch: Phys. Rev. Lett. 54 (1985) 1317; K. Miyake, S.
pairs Schmitt-Rink and C. M. Varma: Phys. Rev. B34 (1986) 6554.
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