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1.0 Introduction

We report on progress of work under Grant DE-FG03-86ER45245 for the past

twelve months, and the work which is planned for the coming year. We have been

working on the theory of the long range proximity effect discovered experimentally on Bi-

Ag-Tl(2223) sandwiches during the period of the previous grant. This has led to the

prediction of a novel effect which we refer to as a 'pair echo' which occurs in these

sandwiches and is analogous to the familiar 'spin echo' seen in certain NMR experiments.

Experimentally we have extended the measurements of the proximity effect to lower

temperatures and to other superconductors.

We have completed high resolution studies of the thermal difference optical

reflectance of the high Tc superconductor T1(2223), for temperatures both above and below

the transition temperature, over a photon energy range from 0.3 eV to 5.3 eV. A striking

anomaly in this thermal difference spectrum has been found near 1.6 eV, which appears

below Tc and scales in magnitude with temperature like A(T)2 where A(T) is a BCS gap.

This is precisely the kind of effect which we had hoped to find, based on a Holstein-like

mechanism in these materials, and which we had predicted in a paper on 'Gap Modulation'

in Proc. Nat. Acad. Sciences, USA, 85, 4596 (1988). The proper interpretation of the

effect observed should reveal the mechanism responsible for the superconductivity of the

cuprates.

We have completed a search for the, so-caUed, Zhang-modes in the above high Te

superconductor, T1(2223) over the same energy range, 0.3 eV to 5.3 eV. These modes are

predicted to exist if the proper description of the ground state of the system is that of a

Hubbard model. The modes should become observable by the appearance of a delta

function-like dip in the reflectance spectrum of the superconductor at the energy of the

mode, upon entering the superconducting state. No such depression has been seen over the

above spectral range. We are working with Professor S. Zhang on the interpretation of this

result.

2.0 Research Studies

2.1 Theory of the long range proximity effect: Pair Echoes

We have devoted a greatdeal of work attempting to understand the reason for the

existence of the interference fringes seen in the differential resistance of Bi-Ag-Tl(2223)

proximity effect sandwiches. It was felt that the simpler treatment used earlier that only

took into account the bound states in the Ag-overlayer ignoring the contributions of the

quasi-bound states, was inadequate. A full Green's function treatment was needed to
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accomodate all the states with energies both below and above the gap. A number of

technical difficulties were encountered but eventually these were overcome. What emerged

was a relatively simple picture for the Green's function at the surface of the Ag-layer. A

remarkable effect was then discovered which clearly explains the existence of the induced

superconductivity in the Bi-layer observed in the experiments. Simply put, _e absence of

a pair potential at the surface of the Ag arises because of a near perfect destructive

interference among the pair amplitudes of the de Gennes-Saint James bound and quasi-

bound states. The pair amplitude of each state is significant at the Ag-surface even for

thicknesses of the Ag-layer that are large compared to the proximity effect length. But,

because they alternate in sign with the index of the bound states, their sum is approximately

zero.

However, we have shown that if a third metal, the Bi-whisker, is brought into

gentle contact with this surface, the pairs propagate into the Bi, and at a distance from the

interface approximately equal to that of the thickness of the Ag-layer on the

superconductor, constructive interference occurs between the amplitude of the contributions

from each bound and each quasi-bound state, resulting in a re-appearance of a pair

condensate at this point in the Bi. We call this a 'pair echo'. The effect is closely

analogous to a 'spin echo' seen in NMR following a g-pulse. We are in the process of

writing this up for publication. In addition, we will be giving an invited paper on this at the

conference on the Physics and Chemistry of Molecular and Oxide Superconductors, a

Satellite Conference to LT20, in Eugene Oregon, July 27-31, 1993.

2.2 Experimental Studies of the Proximity Effect

Experimentally, we have extended measurements of the differential resistance

versus voltage characteristics of these N'/N/S sandwiches to lower temperatures. Measure-

ments have been made of a Sn-Ag-TI(2223) sandwich at 5K intervals over the temperature

range from 20K to 130K. The interference effect was seen to appear as the temperature was

lowered below the critical temperature of the sample (120K) and was measureable down to

20K. The voltage of the first peak was found to follow a temperature dependence similar to

that of the gap function. This work was done by Cathy Perry and Matthew Holcomb.

Holcomb has extended his precision measurements of the interference effect at

higher temperatures to samples of a range of thicknesses from 500A to 2900A, and has

observed the same effect as seen in T1-2223 in the (Pb,Bi)-2223 compound with a Tc of

108K.
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2.3 Optical Studies

One of the main objectives of our research has been to complete a precision study of

the change of reflectivity of a high Tc superconductor as a function of temperature, in and

out of the superconducting state, over a wide range of photon energies from the infrared to

the ultra-violet. The purpose of this was to search for evidence of the superconducting gap

at these high energies which in turn could be related to the coupling mechanism responsible

for the pairing. This has been accomplished successfully and has given a very exciting new
result.

In order to obtain the data, it was necessary to develop an experimental technique

capable of measuring changes of reflectivity with temperature at the 10 parts per million

level. This was eventually achieved using a miniature, ultra-high vacuum system, computer

controlled refrigerator and cold stage, and a precision thermal difference technique using

digital averaging. It was tested and its capabilities verified by observations of interband

transitions in Au, and certain spin splittings in the reflectance spectrum of Ge. The details

of the spectrometer have been submitted and accepted for publication in Review of

Scientific Instruments (July, !993). An earlier contribution describing another technique

suitable for use for wavelength modulation spectroscopy has been published in the same

journal - Rev. Sci. Instrum. 63, 5570 (1992).

The technique was then applied to a study of the reflectivity of a superconducting

sample (T1-2223), taken at 45° to the normal over a range of photon energies from 0.3eV to

5.3eV. The data were taken by measuring the reflectivity at a temperature T + AT over a

range of energies, and then repeating the measurement at a temperature of T - AT over the

same energy range. The difference is determined and the process repeated a hundred times,

and the results averaged. Spectra were then taken for a range of temperatures from 300K

to 95K, with AT = 5K. The spectra obtained are shown in Fig.1 for 135K and 115K. Note

the large difference between the spectra in the neighborhood of the plasma energy. On the

otherhand, spectra taken at 145K.. 155K, 165K, etc., were essentially the same and

virtually identical to that at 135K. Below the superconducting transition temperature, a

new feature appears in the spectrum. "Ibis is shown in Fig.2 after the plasma contribution

has been subtracted from each spectrum. In Fig.3 this amplitude is plotted as a function of

temperature. It is seen to scale with the calculated temperature dependence of the square of

the BCS superconducting gap.

The effect seen appears to be that predicted in our (Little/Collman) paper on Gap

Modulation spectroscopy published in the Proc. Nat. Acad. Sciences, USA, 85, 4596 in

1988 that would arise from an electronic Holstein-like effect. In that paper a crude

calculation was made of the energy gap and effect on the optical absorbance (or reflectivity)
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Figure 1. Thermal Difference Spectrum of Reflectivity of T1(2223) superconductor as a
• function of photon energy above and below T.
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of a superconductor in which the coupling mechanism responsible for the pairing was due

to the sum of a phonon and a high energy electronic interaction. In order to extract data

from our present results we have had to refine these calculations. Holcomb has developed a

sophisticated computer program that calculates from the Eliashberg equations, the

normalization parameter Z(t0), the real and imaginary parts of the superconducting gap as a

function of frequency, and the density of states for a superconductor at any temperature for

any arbitrary function of coupling constant, ct2(c0)F(m)plus a corresponding electronic

contribution. This program runs on a 486 computer, solves the integral equations for the

gap and re-normalization parameter, Z(m), and calculates all the above factors in a few

minutes. He has been able to reproduce essentially exactly the published results of

Schrieffer and Scalapino on Pb, and that of other authors. See Fig. 4.

Using this program he has calculated the reflectiv/ty for a particular choice of

coupling constants and compared the results to the observed data. The experimental data

appears to be reproduced if an excitation near 1.6eV exists and makes a significant

contribution to the gap at that energy and hence to the pairing mechanism. This is a tentative

assigment and the model is being refined further, prior to publication.

2.4 Search for the Zhang modes

The, so-called, Zhang modes are modes characteristic of the Hubbard model, but

which only become observable if the ground state of the system becomes superconducting.

Upon entering the superconducting state, coupling to these modes becomes possible,

thereby opening up an additional decay channel for the absorption of energy. Such an

effect should be observable optically by studying changes in reflectivity upon entering the

superconducting state. However, in this case the absorption process is an indirect one

requiring a simultaneous emission or absorption of a phonon in order to conserve

momentum. The modes are predicted to have a sharply defined energy and to lie

somewhere in the range from 0 to about 3eV. These should show as a sharply defined

spike or dip in the thermal difference spectrum of the sample upon cooling below the

transition temperature.

A detailed series of measurements conducted over the past nine months has resulted

in the data shown above in Fig. 1. The anomaly seen near 1.6eV discussed above does not

fit the prof'tle of the Zhang mode. It is not sharp as required and it shows a reversal of sign

which is not what one would get from the opening of an additional decay channel as envis-

ioned in the Zhang model. While this is a negative experiment, the sensitivity, which is of

the order of a part in 5x104 is sufficient to put a strong bound on the Hubbard character

.................................................. .............................. ,.............................................. _ ...... :........... _..._ ............ _ ........
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of the system. It appears to indicate that if the modes exist, they must lie at lower energy.

This result is consistent with a picture in which the fermi level lies close to the mid-point

between the two Hubbard bands where the orbital character of the band is predominently

that of oxygen. We are working with Professor Zhang, who has recently joined our

Department, on the interpretation of the result.

2.5 Effective Mass Approximation in the high Tc superconductors.

In the treatment of the boundary conditions at the interface between a superconduc-

torand the normal metal as between the T1-2223 and the Ag-overlayer in our proximity

effect sandwiches, the question arises whether the effective mass must be used or the actual

electron mass. In the particular case of the cuprates the difference between these two

possibilities is large, of the order of five, so it is an important question. We have made a

detailed studyof this problem and have obtained an exact solution to a model system that

contains all the essential features of the real system. We find that the effective mass

approximation, used by many authors for this and similar problems is, in fact, incorrect. A

detailed paperon this has been accepted for publication in the American Journal of Physics

and will appear in the August, 1993 issue. This is the work of Gideon Friedmann and
Little.

2.6 Other Work

We have had the benefit of having Professor John Ruvalds and his post doctoral

fellow, Carsten Rieck from the University of Virginia as a guest in our group for the past

year. This has been a profitable association and a number of publications have been

forthcoming as a result of this association. These are listed below under publications.

3.0 Proposed Program

In the coming year we plan to continue work on the measurment of the thermal

difference optical reflectivity of the cuprates and to extend these from 0.3eV to 0.05eV.

Our modelling studies indicate that if phonon coupling plays an appreciable role in the

superconductivity of these materials, then a large effect should be seen in the vicinity of the

phonon energies, i.e. from 0.05eV to about 0.14eV. Such measurements would also

bridge the gap between our differential resistance measurements and our optical
measurements. To do this we will need to obtain a more stable infra-red source for the near

IR, replace widows on the vacuum system, and replace the detector.

We plan to undertake studies of the anomaly in the reflectance at 1.6eV with

polarized light incident upon the sample with near normal iJ_cidence. This could lead to the

J
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determination of the sylnmetry of the interaction responsible for the pairing and thus, a

further clue to the microscopic mechanism.

The extension of these measurements to lower energies will also be used to extend

the search for the Zlaang modes. These are expected now to lie close to zero energy if,

indeed, the Hubbard model is the proper starting point for understanding these materials. A

different type of experiment is also being considered which would involve low energy

electron diffraction from the surface in an extension of the search for these modes. The

observation of the Zhang modes could be an important milestone in the understanding of

the key elements for the existence of such high Tc superconductors.

We plan to extend the differential resistance measurements of the proximity effect

sandwiches to higher energies now that we have a better understanding of the mechanism

leading to the existence of the interference fringes. By using a single contact in a specially

heat-sunk sample we hope to be able to reach energies up to 1.6eV, the same energy as the

anomaly in the optical spectrum. This would then allow us to examine this anomaly by

these measurements as well as by optical means.

Further theoretical work will be done on the 'pair echo' effect and the possibility of

other effects being seen as a consequence of this phenomenon.
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