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ABSTRACT

The effects of electronic mechanisms for electron pairing in high tempera-
ture superconducting oxides on both the transition temperature T, and the iso-
tope effect parameter o are considered. It is shown that for the higher T, oxides,
measured values of T, and o together with estimates of the phonon contribu-
tions are not consistent with high-frequency electronic mechanisms. Limitations
of the theory and some constraints on low-frequency electronic mechanisms are

also discussed.

PACS numbers: 74.70 74.20 (fix these)




Even before the discovery of high temperature superconductivity (HTS)
in the oxides,’ there were many theoretical suggestions for raising the super-
conducting transition temperature T.. Most of the theoretical sugﬁestions were
based on BCS theory? and focused on mechanisms using pairing bosons other
than phonons. Electronic mechanisms were favored primarily because their high
frequency nature leads to interaction energy cutoffs which are much larger than
phonon energies. Since the energy cutoffs become prefactors in standard equa-
tions for T, these mechanisms yield very high estimates of T.. When the role
of the energy cutoffs is included in the pairing parameters, it can be shown®
that having the highest possible frequencies may not maximize T.. Neverthe-
less in general® higher frequency mechanisms lead to higher Tc’s if no other

restrictions are imposed.

The specific nature of the electronic mechanism depends on the models
used. Examples include collective excitatioﬁs based on exciting electron-hole
pairs, excitons, plasmons, acoustic plasmons or demons, spin fluctuations, and
charge transfer excitations which are all electronic in nature and can give rise
to electron pairing. These mechanisms were among the first to be suggested®~"
for explaining the high T,’s observed in the HTS oxides. More recently the

number of suggestions of mechanisms of this kind has increased substantially.

At present there is no consensus on the dominant mechanism causing
HTS in the oxides. The purpose of the present study is to use measured data

and theoretical estimates to constrain the theories and limit the possibilites. An




earlier attempt® in this direction emphasized the observation that because high
frequency mechanisms are only consistent with weak coupling BCS theory, ex-
perimental tests of the coupling strength can be used to determ'ine‘the viability
of these mechanisms. Although measurements such as the ratio of the energy
gap to T, have been made using IR spectroscopy, Raman scattering, tunneling,
spin resonance, and photoemission experiments, no definitive conclusion has

been reached. Hopefully the scatter in these results will be reconciled with a

consistent mode] in the future.

The approach here is to erxa.rn.ine the limitations placed on the theory
by current data.. To do this, several models are used to calculate T. and the
isotope effect parameter & = —(dlog T.)/(dlog M). For each case, the kernel
of the attractive interaction contains a model electronic interaction as well as
a BCS-like electron-phonon contribution. The values of the phonon and elec-
tronic coupling strengths are found to be limited when comparison is made with
experimental data for T, and a. These limits can then be used to constrain the

theories.

Within a restricted range of coupling strength A, we can employ analytic
solutions of approximate models to try to constrain theories employing an elec-
tronic mechanism. For example, in the weak coupling limit A < 1, we consider

a McMillan? equation with a prefactor wjo, where*:®

Wiog = lim (“"n)lln = exp(lnw) (1)

n—0




and a é-function model of a? F(w)
m
207 F(w) = 3 Aiwib(w — wi) + Aeweb(w —we) (2)
i=1 ’
where m is the number of phonon peaks of strength A; and frequency w;, and
Ae and w, represent the strength and frequency of the electronic peak. A cal-
culation of the isotope effect parameter a with the Coulomb repulsion u* = 0

vields

a= =L where A, = Z As. (3)
i=1

Taking account of the Coulomb repulsion will tend to decrease a.

116,11

A three-square-well mode can be used in the very weak coupling

case, for which we find that A,/ is approximately constant for we; >» T when

w,t is varied while holding T. and o constant. In the simple case where y* = 0,

A

2r 5!
A

-1
(1+ Cy + ln(ud/uph)) (4)

where C;, C;, are constants of order unity and are determined by the choice of
T, and a. Thus, A, /A varies slowly both in the weak coupling and intermediate
coupling range for p* = 0. Numerical solutions of the three-square-well model

for u* # 0 show the same behavior of A, /) for we; > T..

From Eqgs. (3) and (4), it is clear that the coupling strength ratio A, /A
is constrained by T, and e, particularly for the McMillan equation with the
wiog prefactor for which the ratio is independent of w.;. We therefore consider

some of the experimental data available for the HTS oxides to see if the data
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are consistent with these theoretical constraints. Since a wide range of ) is
required, the Eliashberg!? equations are solved together with models of the
'
interaction kernels to determine T, and the isotope effect pafa.meter a. This
method yields the most reliable state-of-the-art solutions over the entire range
of A considered. The input required is the standard spectral function o?F()
which normally is interpreted as an electron-phonon matrix element weighted by
the phonon density of states F'(w). Here we assume that both the phonon apd
electronic pairing mechanisms can be described in this way with the caveat that
Migdal’s theorem? .is assumed for both but may not be valid for the electronic

contribution. The Coulomb repulsion is modeled in the standard way with the

parameter u* which is forced to be (.13 throughout the calculation.

The Eliashberg equations are solved in the Matsubara representation*-*:13
which requires diagonalization of matricies with sizes determined by the ratio
of the highest energy cutoff of a?F(w) divided by T.. Similar calculational

14-16 ywere used earlier to model the interactions in the oxides; how-

approaches
ever the use of a negative p* for modeling an attractive electronic mechanism

as done in reference 14 is not done here,

Both the phonon and electronic features in a® F(w) are modeled with
Lorentzian peaks of varying strength. The phonon contribution is evaluated by
choosing a few peaks to mimic the estimates from experiments on the oxides.

The electronic contribution is represented by a single peak with variable height




and energy. An electron-phonon coupling parameter A, and an electronic cou-
pling parameter A, are obtained by integrating over o®F(w) in the appropriate

*

region Aw using

Aaw =2 /A ) azp(w)%"—. (5)

By choosing Aw appropriately the coupling parameters Ay, A., and ) =
Ap + A, are evaluated for a given a?F(w). The isotope effect parameter a is
determined by assigning an ionic mass dependence to the various parts of the
phonon spectrum. In this way the entire phonon spectrum or parts can be made

to shift with changes in the isotopic mass.

Three generic cases are considered, corresponding to (I) the Y-Ba~Cu~O
system?”18 with T, ~ 93K and e = 0.02, (II) the La~(Ba,Sr)~Cu-O system!?:2°
with Te ~ 40K and a = 0.15 and (II1) the Ba-K-Bi-O system?! with T, ~ 30K
and a = 0.41. In each case T and a are held constant and assurmed to be given
by experiment and the appropriate A, and A, are evaluated as a function of the

energy of the electronic peak for a given phonon spectrum.

Some of the results are contrary to what is expected for these systems.
For example, the calculations reveal that a high frequency electronic mechanism
can be added to the phonon induced pairing interaction for the lowest T, system
(Case III), but it is contrary to the data for the highest T, system (Case I). For
Case III, our calculations indicate that the experimental data do not restrict

the choice of an electronic mechanism. We therefore focus on the higher T.




oxide superconductors. It is usually assumed that Cases I and II require an
added high frequency electronic mechanism to achieve the high T., but this is

inconsistent with the results for o and estimates of Ap as shown b:-alow.

For case I, the phonon peaks for a®?F(w) were chosen to represent the
measured F(w) spectrum.?? It was found that this could be done with two
peaj{s at 17 and 70 meV with weights of 1 and 2 respectively. The solution of
the Eliashberg equations is shown in Fig. 1 where A, and A,/ are displayed
as a function of the energy position of the electronic peak. The weight of the
electronic peak and A were adjuréted at each frequency to yield the measured
values of T and a. The most dramatic result is the near constancy of Ap/A
above 100 meV. Hence, for fixed T. and a the ratio A, /A is nearly independent
of the position of the electronic peak at high energy, and the constraints on T,
and o forces A, to be small, 0.05 < A, £ 0.10. Estimates?® of A, range from
a factor of 3 to an order of magnitude larger than the upper limit found here.
This implies that for the model assumed here, an electronic mechanism with a
characteristic energy above 100 meV is inconsistent with the measurements of
T., o, and the estimates of Ap. A low-energy electronic mechanism can also be
excluded since 0.1 < A, < 0.3 for we; between‘IO and 100 meV. Therefore the
expected presence of a phonon pairing mechanism together with conservative
estimates of 2 minimum electron-phonon coupling rule out an electronic pairing

mechanism for the model used to describe Case 1.




Similar but less restrictive results are found for Case II. The azF(w)
spectrum is again based on experimental data?* and is modeled by Lorentzian
peaks at 25, 45, and 80 meV with strengths 2, 1.5, and 1 reSpe::tiver. The
results are given in Fig. 2. Again the ratio Ap/X is fairly constant for frequencies
> 70 meV, but A, can be larger (0.15 < A, < 0.30) in this range. As in Case I,
this range of A, is a factor of 2 to an order of magnitude lower than estimated.?®
This implies that a high energy electronic peak is also inconsistent with the data

for Case II superconductors.

The results for Cases I, 11, and III éuggest that the data for materials
in these three classes are relevant to the appropriateness of a high frequency
electronic pairing mechanism. Specifically, a high frequency pairing mechanism
independent of ionic mass can be added to the phonon induced pairing interac-
tion for the low T. materials, but this is not feasible for Cases I and II. This is
opposite to the widely held view that if high frequency electronic mechanisms

are involved, they are more likely for Case I than for Case III materials.

Estimates of A and A, vary widely in the HTS. Experimentally, small
values of A have been derived from the linearity of the resistivity p(T') over a
large temperature range. We do not use these estimates for constraints within
our model because a clear separation between the electronic and phonon con-
tributions is not possible. However, it is likely that the linearity of p(T) ar-
gues against the existence of a high-energy electronic mechanism, since such 2

mechanism should also cause nonlinearity in p(T') up to temperatures of order




huwer/kp. Theoretical estimates of A in La~(Ba,Sr)-Cu-02® range from 2.5 to
3.8, while the estimates for Y~-Ba—Cu-0?? range from 0.32 to 1.3. Both these
ranges are far above the range of A, found ebove, excluding the poséibility that a

high-energy electronic mechanism can explain HTS within our model for Cases

I and II.

It is important to emphasize that we have calculated the transition tem-
perature T. and the isotope effect a using isotropic, three-dimensional Eliash-
berg theory with a model electron-phonon interaction spectrum For the model
spectrum, sets of two or three pearks were chosen to mimic o F(w) or F(w) from
experiment, and a high energy peak independent of jonic mass was added to
the spectrum to simulate the addition of an electronic pa.iring mechanism. We
have also performed similar calculations using a numerical F(w) derived from
force constant fitting to the experimental phonon density of states for La;CuQy.
These calculations showed the same behavior of A, /A, indicating our results are

not an artifact of the simplified nature of our a? Fi(w).

In Cases I and II, we are unable to obtain the experimental values for
T, and o unless the electron-phonon coupling A, is much weaker than theoret-
ically predicted. For Y-Ba-Cu-O and La~(Ba,Sr)-Cu-0, therefore, within the
approximations, our calculations eliminate the possibility that a high energy
electronic mechanism can explé.in HTS within an isotropic three-dimensional

model. In Y-Ba-Cu-0, low-energy electronic mechanisms can also be excluded.




For the Ba~K-Bi-O superconductor, we are unable to exclude an electronic

mechanism at any energy scale based on our calculations.

kY

We wish to thank Prof. P. K. Lam for providing the F(w) spectra for
Lay;CuO,. Support for this work was provided by National Science Foundation
Grant No. DMR-88-18404 and by the Director, Office of Energy Research, Office

of Basic Energy Sciences, Materials Sciences Division of the U.S. Department

of Energy under Contract No. DE-AC03-765F00098.

10




REFERENCES
[1) J. G. Bednorz and K. A. Miiller, Z. Phys. B64, 189 (1986).

+

(2] J. Bardeen, L. N. Cooper and J. R. Schrieffer, Phys. Rev. 106, 162 (1957);

108, 1175 (1957).

[3] M. L. Cohen and P. W. Anderson, in Superconductivity in d- and f-Band

Metals, ed. by D. Douglass (American Institute of Physics, New York, 1972).
[4] P. Allen and B. Mitrovic, Solid State Phys. 37,1 (1982).

[5] High Temperature Superconductors, eds. D. U. Gubser and M. Schliter

(Materials Research Society: Pittsburgh, 1987).

[6] Proceedings of the Adriatic Research Conference and Workshop, Int. J.

Mod. Phys. 2, No. 5 (1988).

[7] 3. C. Phillips, Physics of High-T. Superconductors, (Academic Press: San

Diego, 1989).

[8] M. L. Cohen, in Proceedings of the International Workshop on Novel Mech-
anisms of Superconductivity, Berkeley, California, ed. by S. A. Wolf and V.

Z. Kresin (Plenum Press, New York, 1987).
[9] P. B. Allen and R. C. Dynes, Phys. Rev. B 12, 905 (1975).

[10] M. L. Cohen, in Superconductivity, ed. by R. D. Parks (Marcel Dekker,

Inc., New York, 1965).

[11) D. Allender, J. Bray and J. Bardeen, Phys. Rev. B 7, 1020 (1973).

11




[12] G. M. Eliashberg, Sov. Phys. JETP 11, 696 (1960).

{13] G. Bergmann and D. Rainer, Z. Phys. 263, 59 (1973).

'Y

[14] B. Ashauer, W. Lee, D. Rainer and J. Rammer, Physica B 148, 243 (1987).
[15] F. Marsiglio, R. Akis and J. P. Carbotte, Solid State Comm. 64, 9035 (1987).

[16] T. W. Barbee III, M. L. Cohen, L. C. Bourne and A. Zettl, J. Phys. C 21,

5977 (1988).

[17] B. Batlogg, R. J. Cava, A. Jayaraman, R. B. van Dover, G. A. Kourouklis,
S. Sunshine, D. W. Murphy, L. W. Rupp, H. S. Chen, A. White, K. T. Short,

A. M. Mujsce, and E. A. Rietman, Phys. Rev. Lett. 58, 2333 (1987).

(18] L. C. Bourne, M. F. Crommie, A. Zettl, H. zur Loye, S. W. Keller, K. L.
Leary, A. M. Stacy, K. J. Chang, M. L. Cohen, and D. E. Morris, Phys.

Reu. Lett. 58, 2337 (1987).

[19] B. Batlogg, G. Kourouklis, W. Weber, R. J. Cava, A. Jayaraman, A. E.
White, K. T. Short, L. W, Rupp, and E. A. Rietman, Phys. Rev. Lett. 59,

912 (1987).

[20] T. A. Faltens, W. K. Ham, S. W. Keller, K. J. Leary, J. N. Michaels, A.
M. Stacy, H.-C. zur Loye, D. E. Morris, T. W. Barbee, III, L. C. Bourne, M.

L. Cohen, S. Hoen, and A. Zettl, Phys. Rev. Lett. 59, 915 (1987).

[21) D. G. Binks, D. R. Richards, B. Dabrowski, D. T. Marx and A. W. Mitchell,

Nature 335, 419 (1988).

12




{22] J. J. Rhyne, D. A. Neumann, J. A. Gotaas, F. Beech, L. Toth, S. Lawrence,

S. Wolf, M. Osofsky and D. U. Gubser, Phys. Rev. B 36, 2294 (1987).

LY

[23] W. Weber and L. F. Mattheiss, Phys. Rev. B 37, 599 (1988); P. B. Allen,

W. E. Pickett and H. Krakauer, Phys. Rev. B 37, 7482 (1988).

[24] B. Renker, F. Gomp{, N. Niicker, D. Ewert, W. Reichardt and H. Rietschel,

Z. Phys. B 67,15 (1987).

[25] W. Weber, Phys. Rev. Lett. 58, 1371 (1987); P. B. Allen, W. E. Pickett

and H. Krakauer, Phys. Revr B 36, 3926 (1987).

13




FIGURE CAPTIONS

FIG. 1. Calculated values of A,/A (squares) and X (triangles) for Y-Ba-Cu-0O
4

plotted against the energy of the electronic mechanism.

FIG. 2. Calculated values of A,/ (squares) and A (triangles) for La—~(Ba,Sr)-

Cu-0 plotted against the energy of the electronic mechanism.
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