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ABSTRACT

In this paper, a possible mechanism of producing negative correlation energy centers is
proposed. Combining this electronic attractive potential with phonon mediated attractive potential
between carriers the isotope effect exponent of La-Sr-Cu-0 system is quantitatively explained.
Generally, the isotope effect exponent is smaller than j in this mechanism.
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The investigation of superconductivity has developed to a new level since the announce-
ment of possible high-rc superconductivity in La-Ba-Cu-0 system. There has been great effort
to reveal the characteristic properties of the high Tc superconductive oxide materials, a clear pic-
ture of this superconducting mechanism has still not been achieved. In our previous papers1>-4)

we have put forward the free carrier-negative correlation energy center (—U, U > 0) interacting
model, emphasizing the mixing interaction between the free carriers and the nearly localized car-
riers in the negative correlation energy centers. Within the framework of this model, some general
features of the high-rc oxide superconductive materials can be understood1)i2), and the supercon-
ducting transition temperature, the specific heat jump at Tc, the coherence length, the penetration
depth, the thermodynamic critical field, the electronic specific heat coefficient and the effective
mass of the carrier have been calculated, which are semiquantitatively consistent with the experi-
ments y>l*). According to the experiment of Bianconi et al. 5>'6) the characteristic aspect of the states
in YBaCuO and LaSrCuO systems is that Cu 3d states are localized but strongly hybridized with
the oxygen 2p orbitals. Their results support the microscopic mechanism for high-rc superconduc-
tivity due to pairing of oxygen holes (which are itinerant) coupled with the localized carriers at Cu
sites. In this paper, we argue that there is a definite probability of producing negative U centers
consisting of the localized carriers at Cu sites, which originate from the electronic nature. Combin-
ing the attractive electronic interaction induced by this kind of negative correlation centers with the
electron-phonon coupling induced attractive interaction between the carriers we have succeeded in
explaining the isotope effect of the high-T^ oxide superconductor with the free carrier-negative U
center interacting model.

We denote by ejUp) the hole on-site energies of Cu 3d orbital (the O 2p orbital), by Ui
the Coulomb correlation repulsion energy between two holes with the opposite spins on the same
Cu site, and by Up& the nearest neighbour Cu-0 Coulomb repulsion. For the undoped materials of
the La based oxide high-T^ superconductor, the probability of finding one hole on Cu site is about
0.7 in the groundstate in which there is hybridization of Cu 3d with 0 2p 7)'!). On the other hand,
because the value of tp — ej + is smaller than Ui, the present values of these parameters are
consistent with the doped holes placing on the 0 sites and the metallic character is therefore due to
holes in the oxygen p band 9)'10> although hybridization will always mix in some Cu character. In
view of these facts, consider the cluster situation as in Fig. 1. Among other things there is a definite
probability that each of the 0 sites has one hole for the comparatively heavy doped materials. For
the Cu sites, if two holes are separately on two Cu sites which are far away, the energy of the state

If the two holes are put on the same Cu site and if in the meanwhile the neighbouring 0 holes are
pushed away as shown in Fig. 1, the energy of the state is:

then
Utff = Ez- (1)



In the above consideration, it is supposed that there are no holes on the peripheral Cu sites. This is
one of the probable configurations because the probability of finding one hole on the Cu site is only
0.7. Taking the values of parameters from Mila 8}, we estimated that Ueff is negative. In spite of a
somewhat different values of the concerned parameters from different authors at present the value
of Utff is likely to be in the range of -2 eV to 0 eV. The exact value of Utff should be determined
from several physical properties. Therefore, there is a definite probability that negative correlation
energy centers originated from the Coulomb correlation interaction emerge on or near the Cu sites
n ) . This is a renormalized Coulomb mechanism of producing negative U.

Yamada developed a perturbation expansion for the Anderson impurity Hamiltonian 12>,
and showed that F^ ~ U where FTJ. is the renormalized Coulomb vertex part near the Fermi sur-
face between up and down spin electrons and U is the Coulomb repulsive correlation energy. In
the case in which the sign of U is reversed the corresponding result is F^ <~ —1/( U > 0) to the
leading term of his expansion. It is therefore expected that in the case of having both the phonon
mediated attractive interaction and the renormalized Coulomb vertex part induced attractive inter-
action between the free carriers the total effective attractive potential leading to superconductivity

and similar to McMillan's formula the Tc formula can be written as

@D

(2)

(3)

where N{0) is the density of states per spin at the Fermi level.

The negative U centers promote the electronic originated attractive potential between the
carriers in the high-T^ oxide superconductor. Now what is the relation between U and F^7

In our previous paper 2) under the free carrier-negative U center interacting model, we
have pointed out a charactersitic temperature T"

T*= l.HDexp -
\

(4)

where D is the band width of the free carrier, Ei, is the energy level of the localized carrier Vefj =
-U < TU, > (U > 0) < m > is the thermal average occupation number of the localized carriers
per local site, p is the density of states at the Fermi level and h is the mixing potential between
the free carrier and the nearly localized carrier. It has been shown that T* > Tc, and when the
tern perature of the system is between Tc and T", the system enters a highly correlated coherent state.
In this condition, the renormalized attractive Coulomb vertex can effectively make a contribution
to superconductivity.

Since kBT* is the characteristic energy of the negative U coherent state, it is natural to
assume that the energy range of the magnitude kaT* near the Fermi surface is the region in which

rt Jp

the renormalized Coulomb vertex part of attractive FTi operates effectively, although it is not zero
away from this range.

For the La-Sr-Cu-0 system, taking the values of the relevant parameters in (4) from refer-
ences 3, 7-9,13 and 14 we estimated T* is about 41 K. The estimation given above is by no means
accurate, but through this analysis it can be seen that T' is in the order of several tens degree.
However the Debye temperature of the oxide superconductor is in order of several hundreds de-
gree. Therefore, we are faced with the problem of superconductivity involving the presence of two
attractive potential wells, the one is the phonon mediated attractive interaction with strength \c and
cut-off energy kB&o, and the other is the renormalized Coulomb effective attractive interaction
with strength F^ ~ — U and its major contribution coming from the energy range ksT" near the
Fermi surface. For the latter, we can extend the effective energy range to kH®D by the following
pseudopotential

and then
FT'l = - u = |u| (6)

This means that because of the renormalized Coulomb well is not the same in the whole range of
the phonon mediated attractive interaction, some average over this interval, like u, must be used to
match the phonon mediated potential in the McMillan's Tc formula. Finally Eq.(3) can be written
as

The isotope effect exponent is

a= -M
dinTc

dM (8)

For La2-ISrxCu0^ material, taking Tc = 31K,@D = 417/f15, U = \3eV and
h = 0.2eV3) andiV(£/) = 3 states/eV-Cu atoms spin 13), then we have |u| = 0.13 eV, \c+ | u | =
0A6eV and a ~ 0.17. The experimental value of isotope effect of La-Sr-Cu-0 system is between
0.10 and 0.37. This agreement with experiment is satisfactory because the values of the concerned
parameters are alt given by the above-mentioned references and there is no adjustable parameter in
our isotope effect theory for high Tc oxide superconductor.

We can draw several conclusions from the above agreement. First, the superconductivity
of La-Sr-Cu-0 system comes from both electron-phonon coupling and electronic coupling with
the ratio of the electronic attractive potential to that of electron-phonon being about four. The
superconducting transition temperature could not go beyond 0.01 K if there were only the electron-
phonon induced attractive potential in La-Sr-Cu-O. The renormalized Coulomb attractive vertex
part leads to an additional attractive interaction between the free carriers16)il7). At present, we are
not able to estimate a of YBCO because of lack of data of the relevant parameters. However, it



is easy to see from (8) that as the relative proportion of |ti| in the effective attractive potential as a

whole increases, the value of a decreases. Therefore, it seems certain that the relative proportion of

ihe phonon induced superconductivity in YBCO is very small. Secondly, the quasi-low dimension
is necessary for the negative U centers to be brought about, because if we use the same method for

CuO planes to analyze the corresponding problem for 3 dimension structure, we cannot attain the

desired appearance of the negative U center with the present values of the concerned parameters.

For this reason, although the superconducting transition temperature can be increased by increasing

the number of CuO layers I 8 ) , the quasi-two dimensionality must be maintained. In other words,

the weak coupling through Y ions etc between CuO layers is a necessary condition for high Tc.

Thirdly, the value 0.5 of the isotope effect exponent is classical and it can be smaller than 0.5 by

the crossover of varying electron-phonon and non-electron-phonon components.

In this paper, we are restricted to discuss the negative correlation energy which are due to

electronic coupling. In general, the negative correlation energy can also be due to the local electron-

phonon coupling (by local lattice distortion or imperfection). In that case, the negative correlation

energy cemers can also appear in three dimension structures. For instance, floi _ , ( K or Rb)xBi(h

is likeiy to be in this case 19), and the isotope effect exponent may be somewhat large 21)

Acknowledgments

The author would like to thank Professor Abdus Salam, the International Atomic Energy

Agency and UNESCO for hospitality at the International Centre for Theoretical Physics, Trieste.

REFERENCES

1) Zhang Li-yuan, Solid State Commun. 62,491 (1987).

2) Chen Chang-feng and Zhang Li-yan, Physica 147B, 175 (1987).

3) Zhang Li-yuan and Yao Cheng-yan, Physica C 153-155, 1207 (1988). Also see: Yao

Cheng-yan and Zhang Li-yuan, to be published in Chinese.

4) Yu ya-bin, Zhang Li-yan and Chen Chang-feng, Physica C 156, 566 (1988).

5) A. Bianconi et al.. Solid State Commun. 63,1135 (1987).

6) A. Bianconi et al, Phys. Lett. 127, 285 (1988).

7) F. Mila, F.C. Zhang and T.M. Rice, Physica C153-155,1221 (1988).

8) F. Mila, Phys. Rev. B38, 11358 (1988).

9) Michael Schluter, Mark S. Hybertsen and Niels E. Christensen, Physica C153-155, 1217

(1988).

10) D. van der Morel et al. Phys. Rev. B37,5136 (1988).

11) A. Balzarottietal, preprint (1988).

12) K. Yamada, Prog. Theor. Phys. 53, 970 (1975). See also A. Sakurai, Phys. Rev. B17,

1195(1978).

13) S. Tanaka et al, Proceedings of the Beijing International Workshop on High Temprature

Superconductivity, Beijing, People's Republic of China (World Scientific, Singapore,

1987), p. 219.

14) C.A. Balseiro, A.G. Rojo, E.R. Galianoand B. Alascio, Physica C 153-155,1223 (1988).

15) Henry E. Fischer, Susan K. Watson and David G. Cahill, Comments on Condensed Matter

Physics Vol. XIV, No. 2,65 (1988).

16) Zhang Li-yuan, Chinese Physics (American Institute of Physics) 4, 318 (1984).

17) S. Robaszkiewicz, R. Micnas and J. Ranninger, Phys. Rev. B36, 180 (1987).

18) Tang Hui and Zhang Li-yuan, Chinese Physics (American Institute of Physics) 5, 606

(1985).

19) M.D. Nunez et al., preprint (1988).

20) D.G. Hinks et al., preprint (1988).



o

t
o

A

Fig. 1 Scheme of producing - U centers
• : Cu site, o: 0 site
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