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Preface

The International Conference “Nonlinear Superconducting Devices and High-T,
Materials” took place 8-13 October 1994 in Capri, Italy. Our principal aim in or-
ganizing this meeting was to bring together a selected group of theoreticians and
experimentalists, with the objective of trying to thrash out some of the outstanding
(typically nonlinear) problems that have so far kept many device applications of super-
conductivity just a bit below the threshold of practical utility, and that have impeded
a wider applicability of the new high-T. superconductors. This volume contains the
Invited Papers plus a selection of the Contributed Papers that were presented during
the meeting.

Chapter 1 contains two panoramic overviews of the field that were presented as
Invited Talks during the meeting, the first by Arthur Davidson and the second by
Paul Seidel. Both attempt to outline where we stand today and to indicate directions
for future development.

Chapter 2 tackles various aspects of the materials problem. The first paper, pre-
sented as an Invited Talk during the meeting by Vladimir Kresin, sets the stage for
a theoretical understanding of the various issues at hand. The theoretical context
is further developed in the following paper by Golubov et al. Andreone et al. de-
scribe careful experimental measurements of penetration depth, designed to cast light
on these fundamental questions. Brizhik presents calculations describing the bisoli-
ton model of superconductivity, pioneered by the Kiev group. Finally, Attanasio et
al. offer a detailed analysis of experimental data regarding flux motion in high-T.
materials.

In Chapter 3 we move from materials to Josephson junctions. Lazarides and
Sgrensen extend the tunneling Hamiltonian formalism to the case of junctions made
of anisotropic (high-T.) materials. Romano et al. follow with a description of their
experimental efforts to construct and characterize YBCO junctions. Thyssen et al.
and Monaco et al. describe different aspects of the dynamics of ‘window’ junctions
(in the context of the low-T, technology). Closing this chapter, Shagalov presents a
computational model of the behavior of large junctions containing ‘defects’.

Chapter 4 is dedicated to problems of nonlinear propagation in junctions that are
‘large’ in at least one spatial dimension. Yukon and Lin begin by illustrating some
unexpected properties of mutually coupled long junctions. Ustinov et al. describe
the dynamics of collective excitations in a long annular-geometry junction. Jaworski
employs the Riemann theta-function formalism to describe the interaction of a long
junction with an external microwave field. The papers by Zagrodziriski and by Fer-
nandez et al. treat two-dimensional junctions; Zagrodziriski presents theoretical con-
siderations needed for a consistent description of such structures, and Fernandez et al.
describe computational and experimental results regarding the so-called Isoperimeter
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Pattern Dynamics.

In Chapter 5 we proceed from junctions to SQUIDs. Rotoli and Carelli describe
the current status of an on-going study of Macroscopic Quantum Coherence via an
analysis of tunneling in a double-well potential. Darula et al. and Chesca consider
the analysis of two different SQUID structures containing multiple junctions. On
the experimental side, Camerlingo et al. report recent progress on the fabrication
and characterization of YBCO SQUIDs. Finally, Matarazzo et al. present computa-
tional and preliminary experimental results on the use of SQUID arrays as microwave
generators.

Chapter 6 treats multilayer stacked Josephson junction structures. Hermann
Kohlstedt, in his Invited Paper, gives a comprehensive review of recent results on the
dynamics of stacked junctions constructed in the context of the low-T. technology.
Barbara et al. and Petraglia et al. illustrate further aspects of this new and fascinat-
ing area. Kondratiev et al. develop a simple theoretical model to describe a hitherto
unexplained experimental observation regarding the magnetic field diffraction pat-
tern of a multilayer structure. Paul Miiller, in a second Invited Paper dedicated to
multilayer structures, provides a detailed review of intrinsic Josephson effects in the
layered, anisotropic, high-T. materials. Schlenga et al. and Veith et al. follow with
additional aspects of this exciting topic.

Chapter 7 focusses on arrays of discrete Josephson elements. Miguel Octavio,
in his Invited Paper, gives an up-dated review of the dynamics of ‘classical’ two-
dimensional Josephson arrays, i.¢., arrays having dimensions such that single-electron
effects do not come into play. Further aspects of the dynamics of 2-D arrays are
considered in the paper by Filatrella and Wiesenfeld and that by Ciria and Giovanella.
The chapter closes with papers by Nuvoli et al. and Caputo et al. dedicated to an
analysis of the static magnetic properties of junction arrays.

Chapter 8 illustrates briefly two experimental diagnostic techniques that are
proving to be extremely powerful. Lachenmann et al. report on the use of Low
Temperature Scanning Electron Microscopy (LTSEM) to study vortex dynamics in
two-dimensional Josephson arrays. Holm and Mygind describe their first results on
Cryogenic Scanning Laser Microscopy (CSLM), in which a laser beam takes the place
of the electron beam used in LTSEM.

Chapter 9 gives a small sampling of the multi-faceted area of electronic applica-
tions. The first paper, presented during the meeting as an Invited Talk by Valery
Koshelets, reviews the recent progress that has been obtained in the development of
integrated flux-flow oscillators for sub-millimeter-wave receivers. The following paper
by Shchukin et al. contains the very latest, up to the minute results in this area. The
next paper, presented as an Invited Talk by Vsevolod Kaplunenko, reviews impor-
tant aspects of Rapid Single Flux Quantum (RSFQ) logic. Pagano et al. illustrate
a promising new approach for the detection of energetic particles using a tapered
long Josephson junction. Another aspect of the particle detection problem, the use of
NbN/Nb trapping bilayers to improve detection performance, is reported by Parlato
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et al. Hebrank et al. describe the design and fabrication of a new type of hybrid
integrated Josephson voltage standard. Finally, B. Davidson et al. present the latest
results of the Madison group on high-T. Vortex Flow Transistors.
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PROGRESS IN HTS ELECTRONICS

A. DAVIDSON, S H. TALISA, M.G. FORRESTER, J.

and M.A. JANOCKO

TALVACCHIO, J. GAVALER,

Westinghouse Science and Technology Center

Pittsburgh, PA 15235
USA

ABSTRACT

This paper will cover HTS applications becoming available in the near term, and the
need for future development. Passive microwave filters and resonators constructed out
of single layer HTS depositions are now becoming available. SQUID’s and receiver
components such as local oscillators and mixers are further away from commercial
impact because they require the reliable formation of Josephson junctions. Finally,
digital circuits are discussed, which will require junctions with tight tolerances, and a
multi-level HTS technology. At the end there will be a brief discussion of the problems
of matching superconductivity to the needs of the real world, using radar as an example.

1. Introduction

Electronic applications of HTS technology can be arranged in a hierarchy from simple
passive devices to complex integrated circuits, as shown in Fig. 1. At the same time, the
technology required for these applications can also be arranged according to increasing
difficulty. Thus, microwave filters and delay lines that require only a single layer of HTS
material, are already in an advanced state of development, while functional digital inte-

Process

Difficulty

Application Complexity ——»

Figure 1. Schematic representation of the process difficulty and
application complexity of different superconductive electronic
devices. The Application complexity should be thought of as the
minimurn necessary for commercial success.

grated circuits are just beginning
to get somewhere in the labora-
tory. Microwave filters that use
a single level (or at most an HTS
coating on front and back of a
substrate) have been produced
by several laboratories.)3 One
small company in the US has
traded public stock on a plan to
sell such devices to cellular
communications providers. Re-
search has also shown that com-
petitive SQUID's can be pro-
duced with a single layer of HTS,
including the junctions and pick-
up loop, and such SQUID's are
on the market* Much better
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SQUID's will require multi-level processing to get the best coupling between SQUID and
magnetic field.

Millimeter wave radio receivers are presently a challenge for HTS, since there is
nothing yet available at high temperature that is comparable to SIS tunnel junctions. Some
work on flux flow oscillators®, however, is promising for use in local oscillators. Analog-
to-digital-converter circuit designs exist that can use the type of over damped junctions
that have been demonstrated in HTS technology,6 but the designs are ahead of the
fabrication capability. These and more complex digital” circuits require the full
development of an HTS multilayer technology. Junctions must be developed that can use
isotropic fabrication methods. Tight control of critical currents is essential. Circuits and
devices to shift levels to accommodate semiconductor components are necessary. These
level shifting circuits are particularly important for the RSFQ type of digital circuit, since
these operate with individual flux quanta, which make pulses too weak for direct detection
with semiconductors. '

The problem most in need of work is the development of an isotropic process for
making Josephson junctions. In other words, we need a process that will make junctions
facing in at least the four directions defined by the edges of a square, simultaneously and
reproducibly. Many of the best junctions produced so far do not meet this condition, since
they involve some amount of directionality. Fused substrated grain boundary junctions all
face the same way and must be produced along a straight line. Step edge SNS junctl'ons9
are usually produced with an angled deposition of the normal metal. The step edge
junction is a candidate, as well as the step edge grain boundary type.10

At the end, the issue of coupling basic research to commercial application will be
addressed. It is important to find a customer for the research early in the process. The
Westinghouse CRYORADAR™ project will be used as an example.

2. Films

The presently preferred methods for depositing high quality thin films of YBCO are
sputl:ering11 and laser ablation. 12 These methods both involve transport of material from
a stoichiometric target to a heated substrate. In ablation this transport is accomplished by
focusing a nanosecond scale laser pulse of sufficient energy onto a stoichiometric target.
The pulse heats the target immediately under the surface, vaporizing it, and causing an
explosive discharge of material perpendicular to the target surface. Some of the ejected
material is energetic enough to be in the form of a plasma; some is apparently in the form
of particles and droplets. A heated substrate a few centimeters away collects the material
to build up a film. Laser ablated films are typically of high quality, with excellent
stoichiometry, and good superconductive parameters. Work is progressing to improve
surface roughness, and to handle larger (>5 cm) wafers. The deposition rate for small
wafers, however is fairly rapid, typically a few Ass.

The sputtering method is slower than ablation, often in the range of 0.1 Ass, but
easier to scale up to large wafers, with 5 cm diameters common, and 10 cm under




development. The most common kind of sputtering is with RF magnetron systems, using
an off-axis geometry. In the off-axis arrangement, the substrates are orthogonal to the
target, and usually off to the side, to avoid direct bombardment by negative oxygen ions,
which can come from either the sputter gas or the target itself, and which are energetically
emitted from the target. Under conditions which minimize resputtering from hot surfaces
in the vicinity of the substrate, sputtered YBCO films were the first to be grown without
the presence of CuO precipitates. Smooth films resulting from the elimination of CuO
particles have also been produced by laser ablation by employing an off-axis
conﬁguration.13 The off-axis configuration reduces the high-deposition-rate advantage of
laser ablation compared to sputtering. The ultimate importance of uniform deposition on
large wafers should be emphasized. For this purpose other deposition techniques such as
MocvDl4 may prove to be the best technique.

Choice of substrate is extremely important to the successful completion of useful
circuits. A SrTiO3 substrate15 can be used to grow very high quality films, but with an
extraordinarily high dielectric constant, which rules it out for any high speed applications.
LaAlO_o,16 has a much lower dielectric constant, approximately 24, and has been used
successfully for single layer applications, such as microstrip or co-planar microwave filters
and delay lines. It has not worked so well for multi-layer circuits, however, because of
motion of twin boundaries17 when the wafer is heated for deposition of new HTS layers.
The moving twins can shift the bottom film layers by several microns over the width of
even a one centimeter chip, making alignment of subsequent layers impossible. At the
moment, NdGaO318 appears to be the substrate of choice for multilayer circuits. It has a
low dielectric constant, similar to LaAlO3, but without the shifting twins.

Consideration of multi-layer structures also determines the choice of HTS film mate-
rial. The materials with the highest T;'s are TBCCO,and, recently, HSBCCO,19 but their
lack of stability means that for now there is no way to produce multiple levels. YBCO has
proven to have the best combi-

o o nation of transition temperature
I Measured resistivity of epitaxial films grown on YBCO .

o : : . ' : and superconductive proper-
B N ties, and with enough stability
. so that subsequent layers can
R be formed without degradation
. of prior layers.

. In addition to supercon-
. ducting films, epitaxial insulat-
1 ing films are required in
multilayer superconducting
circuits for isolation of ground
planes, crossovers, lumped-
element capacitors and induc-
tors, and flux transformers.
Figure 2. Comparison of different possible insulators Epitaxial growth is not
for HTS multi-leve! film growth. necessarily required to obtain

Minimum requirement for resistivity and Q.

10!0 |

10
de Resistivity |-
{Q-cm)

Quielectric = Mtan(7)]
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desired properties for the insulator but is necessary to support growth of subsequent high-
quality superconducting film layers. Fig. 2 summarizes the dielectric loss properties of
various thin-film dielectrics studied at Westinghouse in comparison with minimum
requirements estimated for several applications. The loss tangent is based on data from
bulk samples and the dc resistivity at 77K was measured on parallel-plate capacitor
structures with YBCO on the bottom or on both sides. Both the SrTiO3 and SrpAlTaOg
(SAT)20 grew as pinhole-free films but SAT appears to be the better choice for most
applications based on lower values of both the real and imaginary parts of its dielectric
constant.

3. Passive Microwave Devices

Passive microwave devices that use a single layer of HTS material (or at most a single
layer on each side of a wafer) are very advanced in development, and will soon be tried in
prototype applications. ~ The basic system that stands to profit from passive
superconductive microwave components is in sophisticated radio receivers, especially
those used in cellular telephone base stations, and in radar.

A receiver with components at 77 K is shown in Fig. 3. The preselection filter, the
local oscillator, and the detection and signal processing components can all profit from
HTS technology. As an example of the bnefits of cryogenic operation, consider the
preselction filter.

Front end preselection is important in many microwave receiver applications, in order
to partition the operational bandwidth into smaller bands. This has the advantage of
rejecting unwanted signals that might interfere with the receiver’s operation and prevent
saturation of the low-noise-amplifier by those unwanted signals, resulting in degraded
performance. Also, front-end filtering can simplify the receiver’s architecture by reducing
the filtering requirements after mixing, to eliminate unwanted mixing products. However,
if the preselector filter has a high insertion loss, the receiver noise figure will be adversely
affected, resulting in unacceptable system performance for some applications.

Mixer

Output

Preselection RF Low Noise Detection
Filters Amplifier and Signal
Processing

77K

Stabilized
Local Oscillator

Figure 3. Typical receiver configuration. Note that the shaded
boxes represent cryogenic components.




e R

Figure 4. A view of the assembled thin film
microstrip filter bank, with cover removed.

Filters constructed of HTS materials offer the advantage of very low loss in a
relatively small volume over a wide range of frequencies. In addition, the noise figure for
a cryogenic filter is lower than its insertion loss because of the low operating temperature
(77 K or less for YBCO filters). This makes HTS filters ideal for front-end preselection
applications.

A description of a Westinghouse HTS four-channel filterbank is described in ref. 1.

Insertion Loss (dB)

(i YT
[ AR\
[ MU
S
i L }
=0 [oainl
..... LA
|
-100 : L
3.5 4.0 4.5

Frequency (GHz)

Figure 5. Composite showing the insertion loss of each
channel of the device shown in Fig. 4.



A view of the packaged filters is shown in Fig. 4. These devices were formed on a
2 inch LaAlO; wafer coated on one side with a YBa,Cus3O; film, with a gold
ground plane on the other. A measurement of the four passbands is shown in
composite in Fig. 5. Insertion loss was less than 2 dB, for 50 MHz bands, with 16
MHz guard bands. There was less than 0.1 dB of ripple in the pass bands. Use
off double sided superconducting wafers would reduce the insertion loss to less
than 1 dB, and it is believed that improvements to the packaging method would cut
insertion loss even more.

4. Flux Flow Devices

Flux flow devices divide into two natural categories: those in which the
vortices move down a long Josephson junction, and those in which they move
across a thin film. The first type is often called a Josephson flux flow device, and
the second an Abrikosov device. The Josephson type has the advantage of
minimal pinning, but is limited to low voltages by its one dimensional nature. The
Abrikosov device allows a two dimensional array of vortices to flow across the
channel, and so is potentially higher voltage, but pinning is much more of a
problem, and the interaction of the vortex core with the film will lengthen the
vortex transit time. The original idea of flux flow am:;‘)liﬁers goes back to the work
of Likharev21, Van Zeghbroeckzz, and of McGinnis23 et al. The Nordman-Beyer
group has been leading in this area, having explored flux flow in LTS long
Josephson junctions, using them for low noise wide band amplifiers, and also
having studied fluxoid motion in HTS films. This and other work24 has
established these devices as high speed amplifiers with many desirable properties.
Van Zeghbroeck’s Josephson flux flow device is shown in Fig. 6. It originally
achieved a current gain of nearly 10, and a transresistance of about 0.5 Ohm.

Josephson flux flow devices have operated as three terminal amplifiers with
gain, isolation, saturation, and non-latching behavior. As such, they could
function as the active device in logic and memory circuits. Their low output
voltage, however, limits their applicability in interface and semiconductor driver
circuits. Abrikosov devices are potentially very promising for these interface
circuits, but gain and high transresistance in these devices has not yet been
observed. On the other hand, Abrikosov flux flow is a mode of operation which is
easier in HTS technology than in LTS. The higher temperature of operation and
the natural granularity of the films, together with their very short coherence
lengths makes flux pinning usually less strong than in most LTS superconducting
films. The combination of the right geometry and film orientation and granularity
is likely to lead to success.




Resistor Josephson Counter electrode Insulation
Tunnel Barrier

Bias current

w »4— Base Electrode
Control Current :

Figure 6. Van Zeghbroeck’s flux flow transistor. L and W
are the junction length and width, respectively. Typical
dimensions were a few hundred pm and about 3 pum.

Long LTS junctions in the flux flow regime have been studied for use as submillimeter
wave oscillators. There have already been demonstrations?> of flux flow oscillators
delivering the order of microwatts at frequencies as high as 600 GHz, with Q’s
approaching 10°. By varying an applied magnetic field far frequency tuning, and varying
the current bias for power adjustments, these devices cz;n be tweaked for optimal SIS
mixer performance.

An Abrikosov device, made with bulk YBCO ceramic, is shown in Fig. 7. This device
was made by filing down a 1 cm long by 2 mm square cross section bar of ceramic. Leads
were attached using pressed indium dots, and a copper coil was wound around it to supply

12 T T — T

Voltage (mv)

o 2 4
Current (Amps)

Figure 7 Macroscopic Abrikosov Vortex Flux Flow Device, showing large current gain. The
geometry produces a very low transresistance.
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the magnetic flux. Current gain was again achieved, even with this very crude device,
although the impedance was so low (due to the macroscopic dimensions of the device)
that the transresistance was in the low 10> Ohm regime. To date, no one has shown
reproducible current gain in a thin film version of the Abrikosov flux flow transistor.

A geometry that would be favorable for increasing gain and transresistance is shown
in Fig. 8. This is the tetrode configuration. The idea is to keep as much bias current as
possible flowing through the edge of the film where fluxoids nucleate. In the tetrode this
is accomplished by dividing the device bias current in two. One part, not directly
connected to the load, is injected into the device near the nucleation region, and is kept
constant. The other part is allowed to vary due to current sent to the load. Simulations of
this structure2® have shown promising improvements in current modulation depth, current
gain, and transresistance. This work shows that the geometry of flux flow devices is very
important to their operation, and needs further exploration.

Transresistance=40 Ohms
Current Gain=19 db 30+
Load=4 Ohms output Control = 0.2 0.1 0.05 0.02 0.01 0.005 0 mA
25¢
(V) Nucleator Bias = 0.3 mA
20
* FluxNudeator ~ Channel 15
Current Current I
10+
Controf
Current 05t
Channel 00

e F—a—4d
e 00 02 04 056 08 10

Chamel Current mA )

Figure 8. Geometric configuration and simulated characteristics for a tetrode
structure device.

An important use for Abrikosov flux flow devices is in the interface circuits that will
have to match RSFQ outputs to room temperature semiconductors. State of the art
transistor comparators can make decisions at a 5 GHz rate based on a 15 mV signal”. 5
GHz is well within the capability of Josephson flux flow transistors, but possibly trouble
some for Abrikosov devices. A simple two-fluid expression for vortex velocity is:

2
v= P
do

Eq. 1
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were v is the vortex velocity, p the YBCO resistivity, A the London penetration depth, and
0o the fluxoid quantum, 2.07 X 10" Weber. For a current density of 10° A/cm’, a
penetration depth of 0.2 pm, and 10° Ohm-cm” resistivity, this works out to a velocity of
0.2 pm/psec, which would allow at least 20 GHz response for a 10 um long device. In a
homogeneous single crystal film p may be a lot smaller, due to non-equilibrium effects that
create excess quasiparticles in the moving vortex core. In real films, however, grajns are
only a few tenths of a micron in size, and vortex motion in a weak pinning film is likely to
be confined to grain boundaries. This would limit the production of excess quasiparticles
and tend to favor the high velocities. Reproducible experiments are needed to answer this
question of speed. '

5. SQUID’s

HTS SQUID’s are expected to have numerous applications in medical diagnostics and
in Non Destructive Evaluation?® (NDE). However, almost all HTS SQUIDS made
presently rely on a single HTS deposition to form the SQUID loop. The coupling coil is
either an HTS film deposited on a separate substrate, or a layer of gold or silver deposited
over the insulated HTS SQUID. Optimal performance will require an HTS film deposited

on an epitaxial insulator grown over the SQUID loop itself. }
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Figure 9a. Micrograph of Westinghouse
multilevel SQUID. The microstrip in-
ductor was 10 pm wide and 50 pum long,
over 2000 A of insulated ground plane.

Figure 9b. top--Current-voltage charac-
teristic of this device at 0 and ¢o/2 flux
bias. bottom--Voltage vs ¢ measure-
ment. At 77 K, the inductance per
square was about 1.5 pH.
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This multilevel requirement has been explored recently. Forrester??, et al,
constructed a SQUID over a ground plane, with the step-edge grain boundary junctions
connected to ground, and one part of the SQUID loop in the form of a microstrip line
over ground. By directly injecting and extracting current from this microstrip segment
while simultaneously measuring the SQUID periodicity, the inductance of the microstrip
could be measured as a function of temperature. Inductances A view of the device and
inductance measurement is shown in Fig. 9a. This work clearly shows the feasibility of
multilevel HTS structures, for SQUIDs and other applications, but it has not yet been
translated into practical SQUID structures, nor have the junctions been perfected. Step-
edge grain boundary junctions are adequate for producing small numbers of SQUID’s, but
not sufficient for the production of more complex digital circuitry.

6. Digital Circuits

Digital circuits are both the most demanding in terms of process requirements, and
have the biggest potential payoffs in applications. If the multilevel HTS process can be
extended to at least 7 layers of superconductor and insulator, and if a compatible and
reproducible junction fabrication method can be devised, then production of working
digital circuits will be feasible, and various applications will open up.

It may be impossible with HTS materials to make a classical Josephson junction, with
low sub gap leakage and a strong current step at the gap. The trouble stems from a
combination of extreme anisotropy due to the layered nature of HTS superconductors, and
their very short coherence lengths (roughly 3 to 30 Angstroms). This means that
superconductivity, and hence the Josephson effects, are suppressed at almost all interfaces
of these materials. Usable junctions, however, have been made in some clever ways.

For electronics the most promising method is the edge junction30, where some
property or configuration is altered where a superconductive film goes up over an edge of
an underlying film. In some cases, a thin normal metal at the edge provides the coupling
between films, in others a deposited oxide is used. The edge geometry does produce the
distinctive features of a classical non-hysteretic Josephson junction. Where parasitic
capacitance has been large, hysteresis has also been observed, but never with a true gap
structure.  Therefore these junctions are not suited for many of the classical
superconductive circuit families that require hysteresis or a sharp gap.

There is one class of digital circuit which requires just what HTS edge Josephson
junctions seem to deliver, and that is the Rapid Single Flux Quantum? (RSFQ) type of
circuit. RSFQ circuits do not use voltage or current levels to represent ones and zeroes, as
all transistor and most superconductive circuits do. Rather, bits are represented by the
presence or absence of quantized fluxoids in different parts of the circuits. Quantization of
magnetic flux is an integral part of superconductive circuits, where the magnetic flux
enclosed by a superconductive path is forced to take on a value corresponding to an
integral multiple of §. It is relatively simple, by selecting inductance and critical current
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Figure 10. Schematic of RSFQ type flash analog-to-digital converter.

values, to control the motion of fluxons in these circuits. Any logic function can be
generated by using some fluxons to control the motion of other fluxons through their
interaction with the Josephson junctions. This can be illustrated with a simple circuit.

Fig. 10 is the schematic diagram of a comparator for a flash analog-to-digital
converter, designed to use RSFQ principles with HTS junctions. Operation is as follows:
Clock pulses create a series of flux quanta at the leftmost junctions. These fluxoids
propagate to the right under the influence of bias current supplied at the junction nodes.
At the same time, the analog signal is applied as a current source feeding the quantizer

Time: 4p35 4835 5635 6435

icAn: 0.2 m¥Y
Analog: 16 Ma p-p, 312.5 MHz
Sampling: § GHZ

Figure 11. Simulation of RSFQ flash A-to D converter designed for HTS junctions.
The top curve is the sinusoidal input, in this case with 16 mA peak to peak amplitude
and 312.5 MHz frequency. The middle curve shows the current in the quantizer
junction, and the bottom curve shows the pulses arriving at the output,
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inductance Lq shunting the 0.1 mA quantizer junction. This quantizer junction and Lo
form a quasi-one-junction SQUID?!, and the current through the junction oscillates in sign
as the analog current is increased. The period of oscillation is given by ¢o/Lo. If when the
clock pulse arrives at the sampler junction the quantizer current is positive, the sampler
junction will switch, and the clock pulse will propagate out to the right. If the quantizer
current is negative when the clock pulse arrives, the race junction will switch instead and
no pulse will appear at the output on the right. A simulation of exactly this behavior for
the fourth bit of a flash a to d converter simulation is shown in Fig. 11.

The achievable scale of the HTS RSFQ application will be determined by the uni-
formity of the junction process. Fig. 12 is an estimate3? of the chip yield for a given

0.9
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0.1

Process Control

Figure 12. Calculation of chip yield for a given level of process control and
number of junctions per chip. Yield is given as a fraction. The Process
Control is given as the ratio of circuit margin to the standard deviation of
the process. For example, a 0.027 mA circuit margin, with a 0.01 mA
process standard deviation will have a chip yield of about half for 100
junctions per chip.

number of junctions, for a given process capability, assuming statistical independence of
the jucntions. For example, a 50 per cent chip yield applies for a chip having the order
100 junctions with a 2.7 sigma process.

The focus of research on edge junctions is to find ways to minimize the spread in
critical current values. At present it is common for junctions on the same chip to have a
critical current spread of 30% or more, though some chips have been produced with
spreads of only 10%. This magnitude of variation is sufficient for the small digital circuits,
with the order of a hundred junctions. To fulfill the potential of RSFQ circuits with
thousands of junctions, critical current spreads will have to shrink to significantly less than
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10%. The allowed variation will shrink further when the assumption is removed of
statistical independence of the junctions.

7. Finding the Customer

Figurel3 is a schematic representation3> of the macro process whereby research ideas
become useful products. This process is at least as nonlinear as the Josephson phenomena
discussed in these pages, and the successful application of superconductivity to real
problems will require us to understand it at least as well as we do nonlinear physics. What
Fig.13 shows is material and information coming into the process from the left, followed
by well defined steps, one after the other, where the material and information is
transformed into a product, and then the distribution of the product to customers at the
right The customers provide feedback, through management or other means, to guide
each step. In principle, there should be customer feedback to those of us conducting
research in superconducting devices, even those of us doing the most basic research.

Management
Suppliers / Customers
_\_* ’. U _.\_...Z.
Detailed
Processing
Basic
Research

Figure 13. Schematic of nonlinear new product process.

The current effort at Westinghouse of inserting superconductivity into radar systems
(CRYORADAR™) provides an example of this process34. Critical HTS components for
this application are low insertion loss, very compact RF switched filterbanks, extremely
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high Q resonators for stable local oscillators (STALO), analog-to-digital converters
(ADC) and digital signal processors. The switched filterbank will improve anti-jamming
capability without sacrificing system sensitivity; the resonator will provide an ultra-low
noise STALO for significant increase in radar sensitivity; the ADC will provide the
required bandwidth and dynamic range to handle the clutter and signal without distortion.
The demonstration of the capabilities of HTS in this system is currently underway.

As an example, let us follow cutomer feedback regarding the STALO. The customers
know from long experience that the relevant stability of these oscillators is phase noise.
Flux flow oscillators, mentioned earlier, are probably not good candidates for low phase
noise. Measured line widths have been in the 10° to 10° Hz range. Moreover the vortex
velocity depends on temperature, bias, and applied magnetic field, which would all have to
be controlled to minimize phase noise. Resonant mode soliton oscillators are another
candidate, and have demonstrated extremely high Q behavior. They can be projected to
have excellent phase noise properties because of the quasi-reiativistic behavior of the
solitons. But further discussions with radar engineers reveals another requirement: The
local oscillator phase must drive the phase of the high power outgoing pulse as well as
drive the receiver mixer. The soliton oscillator may be able to drive the receiver mixer
(especially if it is also a superconductive component), but to drive the output pulse would
involve amplification from nanowatts to megawatts. Such amplification without
degradation of phase noise would be extremely difficult to achieve. Therefore
macroscopic superconductive resonators are being developed into CRYORADAR™ local
oscillators, which can combine low phase noise with high energy. Knowing the
requirements of radar customers helps us to find elegant solutions to real problems.

8. Summary

HTS electronics is poised for impact. In the short run, HTS microwave filters, delay
ines, and resonators can do the job now in such a way that customers are willing to pay for
them. The technology for producing these devices is good now, and still improving.
Coupled with recent advances in cryocooers for the HTS temperature range, these facts
point to commercial success. The future for HTS SQUIDs is on the horizon, but needs
more development to bring it in. Junction technology for SQUID’s is adequte now, but
for real customer interest, multilayer technology must be mastered. HTS digital circuits
are over the horizon. Multilayer technology must expand toat least 7 epitaxial layers, and
junction parameters need to be optimized, stabilized, and able to produce predictable
devices in any direction. The immediate goal is to show progress in reducing critical
current spreads to less than 10%. We need to develop interface devices, such as the flux
flow transistor, so that HTS digital circuits can be operated and demonstrated at high
speed. Finally, we must understand that we scientists and engineers must find customers
now. We must understand their needs, so that what we spend our careers developing, will
be put to use.
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HIGH-Tc¢ JOSEPHSON JUNCTIONS, DC-SQUIDS AND ARRAYS

PAUL SEIDEL
Institut fir Festkorperphysik, Friedrich-Schiller- Universitdt Jena
Helmholtzweg 5, D-07748 Jena, Germany

ABSTRACT

An overview is given about experiments on some high-T¢ Josephson devices. The
results are discussed using simulations based on the RCSJ model including white
noise. The power dependence of Shapiro steps includes information about the
existence of a junction network or a single junction only. Networks and other artif-
ical many junction systems are discussed with respect to applications as radiation
sources.

1. Introduction

There is great progress in thin film technology for the fabrication of different types
of high-T¢ Josephson junctions for applications as single junctions, SQUIDs or many
junction circuits necessary for cryoelectronic applications. Up to now there is no
microscopic understanding of superconductivity in HTSC materials but it is possible
to study the main properties of these devices using the well-known resistively shunted
junction model including capacitance (RCSJ model) and noise. The possibilities and
limitations of RCSJ based models will be discussed examplary on the parameter
determination from experimental power dependence data of Shapiro steps. A more
profound physical understanding of high-T¢ Josephson junctions will be useful for
their application in cryoelectronic devices.

As another example, DC-SQUIDs will be discussed. In spite of all problems
concerning junction properties and high-T¢ technology, these devices are today on a
level to start applications in a wide range, e.g. geology, non-destructive evaluation
and biomagnetism. Thus a detailed analysis of their properties, especially intrinsic
noise behaviour, is necessary.

A third example are many junction arrays. Such arrays are of interest for basic
research as well as radiation sources in the 100 GHz up to 1 THz range. Problems with
synchronization resulting from parameter spread in junction technology are discussed.

2. Types of High-T¢ Josephson Junctions

There is a great variety of different types of high-T Josephson junctions like grain
boundary junctions, barrier junctions, modified bridges and intrinsic stack junctions,
some of them given in Fig. 1.

The traditional concept of the superconductor-insulator-superconductor (SIS)
junction is hard to realize because of the large anisotropy, short coherence length
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Fig. 1. Types of high-T¢ Josephson junctions (a) bicrystal junction, (b) step-edge junction, (c)
biepitaxial junction, (d) planar barrier sandwich, (e) bilayer trench junction, (f) SNS trench junction
(g) SNS step-edge junction, (h) etched SNS step-edge junction, (i) capacitevely shunted SNS step-
edge junctions, (j) focused beam modified bridge, (k) disturbed or poissoned bridge, (1) nanobridge
junction, (m) barrier edge or ramp junction, (n) SNS side sandwich junction, and (o) intrinsic stack
junction (mesa type).

and structural properties of multilayers involving high-T¢ superconductors. On the
other side, there exist natural Josephson junctions inside high-T¢ superconductors
caused or induced by microscopic defects of the crystal structure. For example, break
junctions in polycrystalline films or bulk material show clear, pronounced Joseph-
son effects’’2. Therefore, a whole group of high-T¢ junctions is based on artificially
induced grain boundaries in thin film bridges (GBJ, grain boundary junction).

Fig. la shows the bicrystal junction where the grain boundary is induced by a
bicrystalline substrate®. This technology is used for different high-T¢ superconduc-
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tors (YBCO, Bi-2212) as well as a variety of substrates (SrTiO3, NdGaQj3, LaAlQ;,
MgO, Si)*5®7®. The advantages of that kind of junctions are the simple and repro-
ducible preparation, the correlation between junction properties and grain boundary
angle and that there is no use of additional barrier materials. Disadvantages are the
fixed grain boundary angle and geometrical restrictions because junctions are induced
in all crossing superconducting lines. This excludes large-scale integration and com-
plex devices in multilayer technology. The conduction mechanism across the grain
boundary is influenced by electronic states and resonant tunneling, both leading to a
high level of intrinsic noise®.

Fig. 1b schematically shows another kind of a GBJ. A step in the substrate induces
grain boundaries along the step by a mismatch in the film growth. The concept of
such step-edge junctions (SEJ) was proposed some years ago!?. Meanwhile the step
angle, the ratio of step height to film thickness, the step processing and substrate
as well as superconductor materials have been varied by many groups!!1%131415,16.17
Even if there are differences depending on the materials used, this junction type offers
some advantages. The geometrical restrictions can be reduced because it is possible
to produce the steps in small dimensions and limited areas on the substrate or even in
covering insulating layers'* or buffer layers'®. Their noise properties are better than
those of most other types'®!” but there are problems resulting from the network-like
structure of the junctions!?. Instead of a single well-defined weak link in the step
region small networks result from the two different grain boundaries along the step
and inhomogeneities within the junction.

Another kind of GBJ is the biepitaxial junction, Fig.1c. A change of the crys-
tal orientation of the YBCO film is induced by partially covering the substrate by
some thin seed layer, e.g. MgO or CeQ;!®, or by ion implantation of parts of a MgO
substrate!®. Disadvantages are the fixed grain boundary angle of 45° which enables
only a low current density, some problems with the spatial formation of sharp struc-
tures and limitations of integration. The main problem are bad noise properties®.

The second group of junctions uses an artificial barrier layer. Because of the
small transmission coefficient the thickness of an insulating material may be only of
order of some nm and must be without pinholes. S-I-S structures were realized with
a-oriented high-T¢ material and epitaxially grown insulating barrier layers, Fig. 1d.
Even if there are some results with such kind of structures?!+?? SIS structures with the
high gap values of a tunnel junction are only achieved for BKBO?. The transmission
coefficient can be improved by using a semiconducting or normal conducting barrier
like PrBaCu0 or NdCeCuOQ. In this case the barrier thickness may be larger and
the problems of thin barrier layer can be solved by a bilayer structure with a small
trench in the superconductor?®, Fig. le. The trench can be easily realized by e-beam
lithography but a-orientation of the HT'SC film is still required.

The restrictions of multilayer epitaxy can be solved if a noble metal is used as
normal conducting barrier. Other metals generally cause a depression of supercon-
ducting properties?®. There are different solutions for SNS junctions. The junction
shown in Fig. If is 2 narrow trench in a HTSC bridge filled with silver or gold?%:2728,
The main problems are the quality of the interfaces between the CuO; planes and



22

the metal as well as the homogeneity of the barrier in the other direction.

If the preparation of trenches of a width smaller than 200 nm by electron or ion
beam lithography is not possible, one may take advantage of steps in the substrate.
The insulating intermediate or buffer layers also may carry the step, thus enabling a
multilevel integration technology®. The first version of such SN step-edge junctions
(Fig. 1g) works with different angles of deposition of HTSC material and normal
metals?®. These structures show a very small Io Ry product caused by normal shunts
between large parts of the superconducting film and the normal metal. By etching
away these shunts the properties can be improved and high Iz Ry products can be
obtained®, Fig. 1h. A lot of applications of Josephson junctions are connected with
a finite capacitance of the junction expressed by a nonzero McCumber parameter
B¢, which leads to a hysteretic current-voltage characteristic. Such junction proper-
ties can be obtained by an additional insulating layer in the shunt regions, Fig. 1i.
If a material with a high dielectric constant like SrTiOj3 is used, finite McCumber
parameters are possible even at 77 K a1

Other types of SNS junctions are edge or ramp junctions, Fig. 1m, where a barrier
is formed at the etched edge of a superconductor-insulator bilayer. Various materials
were used, from epitaxial systems, like PrBaCuO %2, Co or Pr doped YBCO33:343% o
Nb doped SrTiOs 3 or even insulator-like barriers®”. While the crystallographically
adjusted materials give good and reproducible results, the very thin and quite non-
reproducible insulators show a microbridge and pinhole dominated behaviour. In gen-
eral the barriers strongly influence the junction properties. Hopping conductivity® or
resonant tunneling ®® can give additional contributions to conduction and noise 4041,
If good SIS multilayers with thin but highly resistive insulators can be established
it is possible to use the edge as a contact region for a normal metal, Fig. 1n. The
thickness of the insulator gives the coupling length and the main problem are the
interfaces at the edge, especially after preparation by ion beam etching.

A third group of junctions uses weakened bridges to produce a weak link be-
haviour. Small parts of the bridges are modified by ion or electron beams to obtain
reduced superconducting or normal conducting behaviour in this region, which should
be narrower than 200 nm to obtain good coupling. The direct writing with an electron
beam produces good junction properties but there is no time stability of the devices at
room temperature?®#3, Focused ion beams***** or jon implantation using masks*748
give similar results but these junctions are stable over a long time. Problems arise
from the fact that these junctions often work near or in the flux flow regime and have
a limited operating temperature range.

Small weakened parts of a bridge can also be obtained by a metal strip across the
bridge poisoning the superconductivity?®, Fig. 1k. This strip can be placed on the
substrate prior to the deposition of the HTSC film or after preparation of the HTSC
flm combined with some treatment stimulating diffusion®. Similar junctions can be
obtained by distortions in small substrate areas before establishing the HTSC bridge.
Focused jon beams®! as well as mechanically induced scratches®® were used.

If the dimensions of the bridge can be reduced down to the order of the co-
herence length the traditional nanobridge concept of conventional superconductors
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works. Even if the dimensions of such nanobridges, Fig. 11, with HTSC are too large
compared to the short coherence length of these materials, realization of Josephson
like junctions is reported®®, while other groups obtained flux flow bridges °°. It is
possible that the preparation process of the nanobridges causes additional weakening
by ion or electron interactions.

A new type of Josephson junctions, which is expected to become more importance
in the near future, is based upon intrinsic Josephson effects in layered HTSC®¢*7. The
stacked CuQ; planes coupled by insulating parts within the large unit cells of Bi- or
Tl-based HTSC are natural series arrays of SIS Josephson junctions. If it is possible
to prepare such a stack in a definite way it can be used for a cryoelectronic device.
First results were obtained by etching such stacks, so-called mesas, into the surface
of a single crystal®® or by taking advantage of the plate-like growth of a T1-2212 film
across a deep step in the substrate *°. They are quite similar to step-edge junctions
which were described as a single SIS junction only®®. Using thin film technology, such
a stacked system can be etched out of a thin film followed by applying contacts to the
upper and lower surface, Fig. lo. Additional insulating or even normal conducting
shunt films around these mesas appear to be possible and could help to adjust their
properties or improve coupling to radiation.

3. Single Junction Behaviour

Most types of high-Tc Josephson junctions show weak link behaviour different
from tunneling determined ideal Josephson junction properties. Thus, the descrip-
tion of their properties should be possible within the resistively shunted model (RSJ
model)®"%% using the critical current I and normal resistance Ry determining the
characteristic frequency wg = 2elcRyn/k. Because of shunt capacitances resulting
from high dielectric constants of substrates like SrTiOj; a finite capacitance C should
be included. The corresponding McCumber parameters g = 2elgRAC/h are near
one at 77 K but increase up to 10 at 4,2 K. Higher values can be obtained utilizing
additional capacitances in the junction region, e.g. by an insulating layer and a metal
film across a step-edge junction®, or using capacitive shunting like in Fig. 1i*.

The higher working temperature T of HTSC junctions is connected with a stronger
influence of thermal noise. This can be taken into account by a white noise generator
I;(¢) with (I;()I;(t")) = 2v6(t — t') and a characteristic parameter v = 2ekpT /R Ic,
where kp is the Boltzmann constant®. A fit of the dc biased (ig = Iy/Ic) vs. averaged
voltage v characteristics is possible by a variety of parameter combinations. It is hard
to determine the influence of excess currents or even additional junctions contributing
to the characteristic. Therefore, the irradiation of microwaves of an amplitude 7; =
I;/Ic and normalized frequency @ = we;/we, can be used as a tool to determine
relevant junction parameters. A detailed analysis of the induced Shapiro steps in the
I-V characteristics is of great interest.

The experiments should be compared to results of RCSJ simulations of the phase
difference ¢ across the junction including noise and microwave irradiation according
to the equation



24

dy .. .
,Bo 77 + — + sing = 19 + i3 sin(Q7) + i4(7), 1)

where normalized time 7 = wot is introduced. The averaged voltage is obtained
by averaging the time-dependent phase difference.

Some results for different types of junctions will be given as an example. In general,
the knowledge of the IcRy product determining the characteristic frequency we of
the junction and thus the relative frequency §} is of great interest. The simple method
of taking I from I-V characteristic by assuming some approximation because of noise
rounding of Ry from the higher voltage part of the characteristic gives parameters
influenced by the method of determination® as well as by additional conduction
processes reflected in the characteristics. Some improvement may be achieved if
special determination methods based on the RSJ model are used to obtain [¢® and if
the normal resistance Ry is taken from linearized parts around V=0 at high microwave
levels.
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Fig. 2. a) Step heights vs. normalized voltage position, b) Maximum number of Shapiro steps as

function of relative frequency

A new method®” has been developed to determine ) from a single experimental
I-V curve for a microwave amplitude I; corresponding to the first minimum of the ze-
roth step in the function Ig(I;). From this curve the heights AT, of all Shapiro steps
and the corresponding step voltages V, are taken. The points given by AIL,(V,) are
approximated by a smooth function that crosses the zero axis at a voltage where the
Shapiro steps vanish (Fig. 2a). Normalizing this voltage by the step distance corre-
sponding to the Josephson relation determined by the external frequency one obtains
the maximum step number. This maximum step number has a typical dependence
on Q7! Fig. 2b, and can be used to estimate {2 and hence the I¢ Ry product. The
advantages of this method are the weak dependence on f¢, see Fig. 2b, and that
it is almost independent on noise rounding of Shapiro steps. The obtained value of
the Ic Ry product gives a better description of the junction behaviour compared to
the RSJ model than the values obtained from I-V curves in the usual way because
effective parameters of the junction are evaluated. The McCumber and the noise
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Fig. 3. Heights of Shapiro steps vs. RF amplitude for an YBCO bicrystal junction at T = 77K for

different microwave frequencies
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parameter can be determined from detailed measurements of the power dependence
of the Shapiro steps and comparison to simulations according to eq. (1). In the ideal
case the junction can be described by the RCSJ model with the same parameter set
Ie, Ry, Be and v for different external frequencies. An example is given in Fig. 3.

The experimental I-V characteristics of a bicrystal junction (YBCO on SrTiO;
with a misfit angle of 36,8° ) at 77 K can be fitted by I = 189uA, Bc = 0.1 and
v = 0.02 but different Ry values. While the Shapiro step behaviour at 10, 15 and 20
GHz yields Ry of 0.85 Q) the fit of the behaviour at 32 GHz as well as the fit of the
I-V curve without radiation provides 1.26 §). The reason of this difference is not clear
up to now but we assume that it may be due to frequency dependent RF properties
of the SrTiQ; substrate and the junction environment, e.g. changes of additional
capacitances and inductances.

4. Networks of Two Josephson Junctions

In some cases a multi-junction instead of the expected single junction behaviour
is found from the I-V curve or the power dependence of Shapiro steps. This is caused
by the microscopic structure of the junctions as well as by current density inho-
mogeneities. For example, in the case of a step-edge junction two different grain
boundaries are formed at the upper and the lower edge of the step. For non-ideal
growth even additional grain boundaries in the step area arise. Perpendicular to the
step the interface is pertubated by small outgrowths as well as different transmission
coefficients leading to a strong inhomogeneity of the current distribution as observed
by means of Low Temperature Scanning Electron Microscopy . Thus, a step-edge
junction is rather a small junction network than a single junction.

As a simple example, we have investigated a series connection or a parallel connec-
tion of two junctions forming a well-known DC-SQUID. Both cases show interesting
possibilities to determine the junction parameters characterizing the nonlinear be-
haviour from the power dependence of Shapiro steps.

The dependence of Shapiro step height on microwave amplitude for an asymmetric
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two junction series network is very complicated in general. The most important
parameter is the resistance ratio of both junctions Ry1/REn2, Fig. 4. Only in the case
Rn1 & Rpq or if Ipy = Ig; the series connection behaves like a single junction with
doubled step distance for higher RF amplitude. In the case of different resistances the
step width oscillation is strongly disturbed and deviates significantly from the single
junction behaviour. For large differences the behaviour is dominated by the junction
with the largest resistance reflecting only this junction in the Shapiro step behaviour
at lower microwave power and step order. Thus, the oscillation of the steps can give
hints about the asymmetry in the two junction series array.

Similar results can be obtained from Shapiro steps measured on a DC-SQUID.
As additional parameters the inductance parameter 8, = 2r1oL/®q and the external
flux ®,., must be taken into account. At ®., = 0 and G « 1 the SQUID does
not differ from a single junction with Io = I¢1 + Igz. With increasing fy, there are
deviations up to chaotic behaviour for 8 > 1. Additional oscillations and regions
where the steps disappear can be seen, Fig. 5.
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o n=2
.é'
g
3
..é’

Fig. 5. Calculated height of Shapiro steps for a DC SQUID with high loop inductance
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For finite external flux well pronounced half integer subharmonic steps are present
in the I-V curve®. They show maximum height for ., = ®0/2 and I¢; = Ige. Their
height depends sensitively on the critical current asymmetry and on the relative
frequency €, while there is only small influence of Bz, B¢, or «. Since ) can be
determined by the method described above, this effect may provide a useful method
to determine the asymmetry of DC-SQUIDs experimentally®”.
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Fig. 6. Height of Shapiro steps for a YBCO step-edge DC-SQUID

Fig. 6 shows experimental results similar to the predicted behaviour measured
on a YBCO step-edge junction DC-SQUID. I would like to point out that substeps
can be explained even within the framework of a simple RCSJ model especially for
0 > 17, The main differences should be in the dependence of the step height on
microwave amplitude. In the RCSJ case the height is given by
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y 1
~Io[o(A)R(A), A= (1+827) 7. 2)
This dependence of the substep n=1/2 for a single junction is clearly different
from the dependence of such a substep in the case of a SQUID. From this differences,
especially the periodicity compared to the integer steps, one obtains hints concerning
the existance of a network rather than of a single junction. In the case of strong
inhomogeneities the single junction may be considered as a complicated network!.

Al

1
2

5. DC-SQUIDs with more than Two Junctions

1t was shown that the dynamic properties of a DC-SQUID drastically change if the
number of junctions in each branch is larger than one, e.g. a four-junction SQUID
in the simplest case’™", If there is a small spread in junction parameters, phase
locking between all junctions can exist and the SQUID operates in a mode with a
different flux quantum state compared to the two-junction SQUID. As a consequence,
a hysteresis in the -V characteristic as well as an unusual voltage-flux dependence
appear. Only for very large spread or if the bias current leaves only one junction in
each branch in the voltage state, such a SQUID behaves like a two-junction SQUID.

This should be taken into account if the HTSC Josephson junction is not a single
weak link. For example in the case of a step-edge junction DC-SQUID this was
discussed assuming for each junction a small network with two parallel branches
each with more than one junction in series™. The main effect observable on such
a system is an additional low-frequency noise depending on the external magnetic
field. Such a two-level fluctuator or telegraph-like noise behaviour was experimentally
observed”776 but may have other origins, too.

The influence of microwave irradiation on such a SQUID should be studied in
detail to obtain informations about parameter spread and asymmetry in such systems.
This work is still in progress. A first result is shown in Fig. 7 as an illustration of
the complicated behaviour of hysteretic and disturbed steps.

On the other hand, this new phase-locking state can be used to establish coher-
ent oscillator arrays where the allowed junction parameter spread is higher than for
traditional concepts like the linear array’’. The proposal of such a circuit, called
ACISL (two linear arrays closed into a superconducting loop) was studied™ and ex-
perimentally realized for the case of four HTSC junctions™. The allowed large spread
of parameters up to 15%, the tunability of the radiated frequency, the small influence
of thermal noise and external flux were discussed™. Some new aspects will be given
in another contribution of these proceedings ™.

Similar effects can be observed in coupled DC-SQUIDs. When we built up a
planar single-layer gradiometer SQUID®*® we first used two SQUIDs on both sides of
a small line through which the resulting current of the gradiometer flows. This gives
us the possibility to select the best of these SQUIDs to obtain highest resolution.
The second SQUID must be destroyed because it is directly coupled to the detector
SQUID, Fig. 8a. In other case, this leads to a multi-junction circuit where in the case
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Fig. 7. Current-voltage characteristics of a 4-junction SQUID with RF bias

of finite parameter spread additional new modes are possible. The result is switching
between these modes which can be seen in a complicated voltage-flux dependence
different from ideal sinusoidal behaviour of a normal SQUID (Fig. 8b)5*.
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Fig. 8. a) Circuit of a DC-SQUID gradiometer containing two SQUIDs in the middle of the structure,
b) Calculated flux-voltage dependence in the case that second SQUID is not cut off (Iexr = 0.113)

There is great interest in SQUID-like circuits with a low number of junctions
and additional inductances, capacitances and even resistances because such models
can describe real HTSC "single” junctions and their complicated behaviour. By this
way one obtains more information about the structure of special junctions and can
improve them by changes in technology, materials and layouts.

6. Many-Junction Arrays

Networks containing a large number of Josephson junctions are studied in many
groups®2838485  The theoretical investigations are concentrated to basic aspects of
phase transitions, vortex configurations and flux dynamics or synchronization. Phase-
locking in these arrays plays an important role if one thinks about application of
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arrays as sources of coherent radiation at very high frequencies. Their tunability
is based upon the Josephson relation between voltage and frequency. Because the
radiation output of a single junction is very small, large numbers of junctions are
required. Another effect which is highly welcome is the reduction of the linewidth
with the number of junctions. But all these improvements are strongly connected to
the parameter spread which up to now is a serious technological problem especially
for HTSC junctions.

We have studied the maximum parameter spread possible without destruction of
the phase locking®. As mentioned above, it was shown that two linear arrays of
junctions connected to a superconducting loop similar to a many- junction SQUID
allow a parameter spread twice as large as for the simple linear array’®. In general,
similar values of allowed spread were obtained for the common type of a 2-D array,
where meshes containing four junctions build up large arrays. These results did not
take into account external flux or the influence of the network inductances®®. External
flux coupled into the meshes and movement of vortices have a strong influence on the
properties of these arrays. Even without external flux these effects must be considered

0.8
0.7
0.6
0.5
0.8
0.7
0.6
0.5
0.8
0.7
0.6

8. =10.0

o b by b b e b

RERARRN AR R R

lo

IRAERNRERRE AR

current

ﬁ[_z 1.0

o b bev e v by by by

T T

TTHT T T T TTTT
I T I

.= 0.1

Y SN W S W A R N

0.1 0.2 0.3 0.4 0.5 0.6 0.7
voltage V/(I.Ry)

Fig. 9. Influence of inductance parameter BL on height of Shapiro step at n=1/2

o o
> o
O TV T




32

because the inhomogeneity within the network causes a current distribution which
produces locally different fluxes changing in time.

To illustrate the effects of inductance, we have calculated the current-voltage
characteristics of 2-D networks taking into account not only the mutual inductance
of one mesh but interactions between all meshes similar to%7 but assuming a simple
metallic bare geometry®.

Fig. 9 shows the first half integer Shapiro substep (n=1/2) for different inductive
coupling expressed by the SQUID parameter 31 of a mesh defined like above. The
step height clearly depends on 3. Pronounced substeps can be seen even if the
external flux is zero. Thus, from the appearance of half integer substeps without
external flux some inductively coupled junction network with quite large inductances
can be used to simulate even single HT'SC junctions. This supports a model proposed
for SNS step-edge junctions™ and so-called transmission line models 8°.

7. Conclusions

There are many different types of HT'SC Josephson junctions showing properties
depending on their internal structure and on the junction materials. The RCSJ model
of a single junction with white noise describes the main behaviour well but junction-
dependent properties often must be described by equivalent circuits with more than
one junction and additional elements. The nonlinear dynamics of such junctions and
of cryoelectronic devices built up by them becomes complicated but very interesting
for further investigations.
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dimensional chain structure in addition to the CuO planes. For the compound that
is fully oxygenated (6§ = 0) the chain structure is particularly well developed. The
chains provide doping for the CuO planes, but in addition, and this is particularly
important for our model, they form an independent conducting subsystem. As a re-
sult, the superconducting state of the material displays a two-gap structure. Namely,
each of the subsystems is characterized by its own energy gap. Let us denote by «a
and f the plane and chain subsystems, so that ¢, and €g are the corresponding energy
gaps.

First of all, one should give an explicit definition of the two-gap spectrum. Each
subsystem has its own order parameter. This means that the density of states has
two peaks which can be determined spectroscopically. In the following, we will use
the two-gap picture to refer to the two peaks in the density of states.

The effects of anisotropy and the two-gap structure are similar. Both of them
correspond to deviations from the simple isotropic one-gap picure. Anisotropy of the
energy gap means that the value of the energy gap is different for different directions
in momentum space, whereas two-gap superconductivity implies that for a fixed di-
rection, there are different gap values. The effects of anisotropy have been discussed
in detail in review articles.” The inequality | < ¢ (! is a mean free path, ¢ is the
coherence length) leads to isotropization of the gap in the conventional materials.

The plane (@) and chain () subsystems are coupled by charge transfer. Because
of the charge transfer, the system is characterized by a single value of T, (in the
absence of charge transfer there would be two different transition temperatures: T
and T#).

The superconducting state in the CuQ plane is caused by the same intrinsic
mechanism in all the cuprates. We think that this mechanism is phonon exchange,
but at the moment this is not essential. As for the chain subsystem, the pairing is in-
duced by two channels. The first is an intrinsic proximity effect; the word "intrinsic”
stresses the fact that, unlike the usual proximity effect observed in thin-film sand-
wich structure, we are dealing with a phenomenon occuring on the scale of unit cell.
Nevertheless, the physics of the phenomenon is similar and represents the tunneling
of the Cooper pair a < 3. The process can be described by the McMillan tunneling
model of the proximity effect.® The second pairing channel is an inelastic channel.!

The major parameters of YBCO are the values of T, and the energy gaps €+(0)
and €5(0). Note that, unlike the BCS model, in the two-gap analysis there is not any
universal relation between the values of the energy gaps and T,.*

For the planes, 2¢,(0) is equal to approximately 5T.. The smaller gap, on the
other hand, is very sensitive to the oxygen content and for § = 0 is approximately
equal to 1.25T.. This later number has been obtained from careful measurements of
the temperature dependence of the penetration depth at low temperature. This value
of 1.25T . is also consistent with measurements of the temperature dependence of the
surface resistance, which is smaller than the BCS value of 1.25T,. Since the material
is characterized by two order parameters A, and Ag, there are two sets of Cooper
pairs and correspondingly, two different coherence lengths £, and €s. The coherence
lengths are £, = 15A (planes) and ¢5 = 254 (chains).!
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3. Gapless State

The concept of gapless superconductivity was introduced in Ref. 5. The gapless
superconducting state may arise through several channels. One should note that the
gapless state, despite the absence of the energy gap, is still a superconducting state.>®
The absence of the gap leads to a power law, rather than exponential dependences
of the electronic heat capacity, surface impedance, penetration depth, etc., but nev-
ertheless, the material still exhibits the Meissner effect and zero resistance. A very
interesting case of gapless superconductivity occurs if the material contains magnetic
impurities.

Consider the two-gap case when the chains in YBCO are in the induced super-
conducting state. If the B-system (chains) contains magnetic impurities, then we are
dealing with an unusual case of gapless superconductivity, namely at some value of
the impurity concentration the energy gap becomes equal to zero, whereas the shift
in T, unlike the usual case, is relatively small. Such a case occurs when oxygen is
removed. Indeed, the removal of oxygen greatly affects the chain’s states. Instead
of a well-developed chain structure, we have a set of broken chains with Cu atoms
at the end. These Cu atoms form local magnetic states, similar to surface states.
These magnetic moments act as strong pairbreakers in the chain band. As a result,
the chains rapidly develop a gapless state.

The critical concentration n, which corresponds to the appearance of the gapless
state can be calculated by use of the method developed for the usual proximity system.
For 6 = 0.1, that is for Y Ba;Cu309 compound, we are dealing with the gapless
state. It corresponds to the criterion I° = g where I° = v;7™ is the mean free path
for magnetic scattering.

It is essential that, although the magnetic moments are introduced in the chain
sites only, the energy gaps become equal to zero in both subsystems, chains and
planes. Namely, as a consequence of the charge transfer, both densities of states
N,(w) and Ng(w) are not equal to zero up to w = 0. Note also, that even when
the gaps are equal to zero, the density of states N,(w) displays a peak at w = ¢,,
and this peak can be observed experimentally, e.g., by tunneling measurements. The
gapless regime is very narrow in the conventional isotropic case,® namely n., = 0.91n/,
n’ corresponds to T, = 0, that is, to the total disappearance of superconductivity.
The presence of different subsystems, such as planes and chains, leads to a different
picture (see above), and the gapless region becomes much wider.” The presence of
magnetic impurities drastically affects the value of the induced energy gap without
any noticeable impact on the critical temperature.’

4. Penetration Depth

This section is concerned with the temperature dependence of the penetration
depth in layered superconductors, such as the high T, oxides. At present, this problem
has attracted much interest. The experimental data look contradictory. Indeed, some



42

authors®? have observed exponential dependences for Nd-based cuprates and for fully
oxygenated YBCO films. According to others'®! AX « T, whereas a quadratic
dependence has also been reported®#13, It will be shown that the approach developed
by us! can explain all data® 2 in a unified way, and that the dependence AA(T)
indeed can vary and is very sensitive to oxygen content. This paper also contains
some predictions related to conventional 5-N-S multilayers.

The evaluation of the penetration depth is based on a model that has been pre-
sented previously,! and will briefly be described here. The YBCO compound contains
two conducting (and, consequently at T < T, two superconducting) subsystems,!
namely, CuO planes (@) and chains (f), bound by charge transfer. Each of the
subsystems is characterized by its own order parameter Ai(w,),i = (e, ) with
wp = (2n + 1)xT (we are using the thermodynamic Green’s function formalism).
The presence of the two order parameters corresponds to a two gap picture, meaning
the superconducting density of states contains two peaks.! In YBCO, ¢, ~ 25 meV
and e =~ 6meV. The planes are intrinsically superconducting, whereas the supercon-
ducting state in the chains is due to charge transfer. The superconducting state in
the chains is induced by the intrinsic proximity effect and, in addition, through an
inelastic channel.

Oxygen depletion leads to a transition into the gapless regime. This regime is
caused by the pair breaking effect in the chains which is due to the appearance of un-
compensated Cu™* ions, the presence of which has been established experimentally.*
One can show that such a transition, contrary to the conventional case®™® does not
lead to a noticeable change in T., but does make a great impact on the transport tun-
neling, microwave properties, etc. which are sensitive to the structure of the energy
spectrum.?

The screening is provided by both subsystems, and the temperature dependence
of the penetration depth in the London case ¢ < X is described by the equation:'®

o

T) _ [Qu(T) + Qu(T)]
A0 Qu(0) +Qu(0)]

The kernels Q, and Qgare equal to:

(1)
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The quantities Zq(iw,) and Zg(iw,) are the renormalization functions, and p =
vemp/vpme (v is the density of states). The order parameters and the renormal-
ization functions are satisfied by the equations’:
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Here K! = [w? + A%(iw,)]? (¢ = @, ), Tag and g, describe the intrinsic proximity
effect, A, is the in-plane coupling constant describing the pairing in the CuO plane,
Aap and Mg, are the off diagonal coupling constants, Dy =E22 / [62 +H{wn — war)?]
is the phonon Green’s function, and () is the characteristic phonon frequency. In
accordance with Ref. 1, we are considering the electron-phonon interaction as the
pairing mechanism. Note that the model can easily be generalized for another type
of interaction. The absence of the term containing Ag corresponds to the induced
nature of the pairing in the chains. The presence of the last term on the rhs of
Eqn. (5) is very important for our present purpose. The term describes the presence
of the magnetic moments in the chains. Oxygen depletion leads to an increase in
T'al. Eqns. (2)-(5) were solved using a Newton-Raphson method and inverting the
resulting matrices using band diagonal techniques.

First of all, we would like to formulate a qualitative result, namely, that the tem-
perature dependence is different for various concentrations of the impurities. There-
fore, for YBCO the dependence AA(T) is different for various oxygen contents. If
I'ys=0, then an exponential dependence is obtained for AA(T) as T — 0. An increase
in T'as, that is, an increase in magnetic impurities, leads to a modification of this
dependence. A weaker exponential dependence is observed for small values of 'y
corresponding to a smaller energy gap. For I'yy = 90K (6 = .1) a linear dependence is

_obtained. For even larger values of Iy, the calculated dependence becomes quadratic.

In the calculation, the following set of intrinsic parameters were specifically used:
Xa=3.0, Aag=-24, Apa=-17, T'0p=90, Tpo=64, and ()= 385. These values were ob-
tained in''® and by analysis of various experimental data.

According to the approach developed in Ref. 1, the value of the parameter I'ys is
directly related to the oxygen content, which allows one to compare our calculations
with the experimental data.®=1® The value (T'ps = 0) corresponds to the stoichometric
composition, and the dependence of AA(T) is exponential as T — 0. The energy
spectrum has a two-gap structure, and AX(T) is dominated by the smaller gap, so
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that AX(T) o exp(-¢5/T) Such exponential dependence, indeed, has been observed®
for a fully oxygenated YBCO thin film. The oxygen depletion leads initially to a
decrease in the energy gap and, correspondingly, to the weaker exponential law. We
think such an effect has been observed in? for a small deviation from the stochiometry.
The value (T'ar = 90K) corresponds to the transition to the gapless state." Then the
dependence AX(T) is not exponential, but is described by a power law. According to
our calculations, the dependence becomes linear. For greater oxygen depletion, the
calculated curves exhibit a quadratic tendency. Such quadratic dependence has also
been seen,'? with the data more closely matching calculated curves with I'as > 90K .
This is consistent with the depressed critical temperatures of the samples used in'2.

According to our analysis, the linear dependence in'® is characteristic of an oxy-
gen depleted sample, which seems at odds with the high T. of the crystals. This can
be understood in light of recent work by Skelton et al.” who found that some single
crystals of YBCO become highly oxygen deficient at the surface while maintaining
the stoichiometry in the bulk.

Our approach allows us to describe, in a unified way, the experimental data
on the penetration depth in YBCO displaying different temperature dependences.
According to our theory, these differences are sample dependent and correlate with
the oxygen content. The stochiometric compound is gapped and is characterized by
an exponential dependence. Note that such a dependence has been observed also
in the Nd-based cuprate and is related to the corresponding energy gap. Oxygen
depletion leads initially to a decrease in the energy gap and then to the transition to
the gapless state. Then the dependence is described by a power law, initially linear,
and then quadratic.

The approach developed in this paper can be applied not only to the layered
compounds such as YBCO which are characterized by the intrinsic proximity effect
and the off-diagonal inelastic coupling constants, but also to the usual proximity
systems, including conventional S-N-S multilayers. Eqns. (2)-(5) can be used to
study the screening properties; the usual proximity system is obtained by setting Asp
and Ag, equal to 0. The magnetic impurities should be placed in the N-layer, and
this should not drastically effect T! but will strongly modify the energy spectrum.
Because of the appearance of a gapless state, the penetration depth data should
display a transition from an exponential behavior to a power law. In addition one
can observe the linear law for relatively small T'ps, and a quadratic dependence for
larger values. It would be interesing to carry out the measurements of the penetration
depth to experimentally verify our conclusion about the change in AA(T) due to an
increase in the concentration of magnetic impurities.

The temperature dependence of the penetration depth AA(T) for YBCO is char-
acterized by peculiar features. Based on our approach, one can demonstrate that
the nature of this dependence strongly depends on the oxygen content. Our anal-
ysis provides a unified description of recent experimental data. The oxygen de-
pletion leads to the transformation: AX(T) — AX(T) — AX(T) — AX(T)
where AX(T) o< exp(-¢5/T), AX(T) o exp(-5/T) (e < €p), AXa(T) o< T, and
AX(T) o< T?. A similar change should also be observed in the conventional S-N-
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S-N multilayers with a change in concentration of magnetic impurities placed in the
N-layer.

5. Intrinsic Asymmetry, SQUIDs

The presence of the two conducting subsystems (planes and chains) makes a
great impact on various properties of the materials. This factor is important also for
the analysis of Josephson junctions, particularly, if we are dealing with untwinned
crystals. Indeed, the conductance of the junction depends strongly on the relative
orientation of the chains. Let us illustrate this point by analyzing the corner SQUID
which contains an untwinned YBCO crystal.

In the SQUID experiment, described in Ref. 18, a d-wave pairing function would
lead to a phase shift § = 7 between the”a” and "b” directions in the CuO plane,
whereas s-wave symmetry would not display such a shift. The idea to use such a
difference!® in order to determine the symmetry of the pairing is very attractive and
formed the basis for the experiment. According to Ref. 18, the data are not totally
conclusive (for example, it is difficult to avoid an additional shift caused by trapped
vortices, or some extrinsic properties of the junctions), and there is a spread in values
of the é45.

Consider corner YBCO-Sc SQUID (Sc is a conventional superconductor, e.g. Pb,
or Nb®). The magnetic field modulates the current, and for a symmetric SQUID:

I'=1,,45in9 (6)

where Im0d=210cos(7r<1>/<1)a + 648). Note that for a symmetric SQUID one can sepa-
rate the factor containing ®; as a result, for the d-wave case I=0 for ® = 0, and I=21,
even if I < Imax.

An important point is that the SQUID contains a large intrinsic asymmetry,
caused by the presence of the superconducting chains. The presence of the second
subsystem is a key ingredient of our approach (see above). As a result, the total
current is

I = I;sing, + Izsing, (7
where Il:Ipl + Tehs Ig=Ip1. In the presence of a magnetic field it is impossible to

reduce (7) to the form (6), that is, to factorize the field. In the presence of the field,
the expression for I, after some manipulations can be written in the form:

I = Ij[sin(q + 7)cos(r®/®, — ) + sin(q — v)cos(7®/®, + )] (8)

where q=q1+q2, and cos2y=I;/L;. If I;=I,, then v=0, and we obtain Egn. (6). One
can directly deduce from Eqn. (8) that the parameter 4 enters as a phase factor, and
the value of the current I at ® = 0 depends strongly on . For example, if I, < I;
(then v = 7 /4), and I is small (we consider the case when the bias current I < Imax),
we obtain I=0 at ® = 0, and I=I; at & = &,/2.

Therefore Ip=s,/2 3> la=o, that is, the picture is similar to that for d-wave pairing
(cf. Eqn. (6)), but the effect is caused by the intrinsic asymmetry (I, >> Iz) of the
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corner SQUID with s-wave pairing. Note, that the small value of I at ® = 0 does
not require such a strong inequality I; > I, in particular, if we take into account
the spread of the data.l® Even for realistic values of I; and I, one can obtain such a
picture, observed in'®. ,

The remark made in® about there being no difference between untwinned and
twinned crystals is strange, because, in the general case, the twinning should lead to
the situation when the "a” and ”b” directions are equivalent, and the effect claimed
is absent. Probably, one can deal with some special type of twinning, where the twin
spacing is large compared to the junction size and the intrinsic asymmetry will be
kept.

Note that the model described above considers the chains as intrinsically normal.
The superconducting state is induced by an intrinsic proximity effect and an inelastic
charge transfer channel. As a result, the phase shift between the chain structure and
Pb is the same as for the planes and Pb. If we include an additional intrinsic pairing
for the chains even with a small coupling constant )‘pl? it would lead to an additional

shift and even more complicated structure.?

We think that the method of phase coherence!®!® is very interesting, but it
probably requires the use of the superconductors without intrinsic asymmetry, such
as, for example, LaSrCuQ.

From these considerations, it can be seen that the chain alignment plays a very
important role. The parameters of the Josephson junction can be greatly affected
by the mutual orientation of the contact and the b-axis. We discuss this problem in
more detail elsewhere.

6. Conclusion

The main results of the paper can be summarized as follows:
1. The presence of various structural low-dimensional units (planes, chains), along
with short coherence length lead to a unique opportunity to observe a two-gap spec-
trum. The spectroscopy of the stoichoimetric YBCO compound (microwave proper-
ties, tunneling, etc.) is determined by the smaller energy gap.
9. The chains are characterized by the induced superconductivity which is due to the
charge transfer, e.g. to the intrinsic proximity effect.
3. Oxygen depletion leads to a gapless state. This state is manifested in the change
in the temperature dependence of the penetration depth which is then described by
a power law.
4. The chains can make a noticeable contribution to the Josephson current, and this
contribution is determined by the orientation of the chains.
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ABSTRACT

We have studied theoretically a two-band superconductor in which superconduc-
tivity is induced by a strong retarded pairing interaction in one of the bands and
has s-wave symmetry. This picture results in strongly anisotropic order parameter.
The Eliashberg equations are solved for two bands with account taken of intraband
and interband impurity scattering (usual and magnetic). Magnetic field penetra-
tion depth and electronic densities of states in each band are calculated numerically.
Gapless superconductivity is discussed. Conditions are considered when the solu-
tion with different signs of the order parameters in different bands exists. This
interband gap sign reversal can manifest itself in Josephson experiments.

/
/

/
1. Introduction

As follows from many tunneling, optical and microwave studies of high T, super-
conductors (see eg.!™), the low-frequency response of these materials is consistent
with either absence of an energy gap or with a small gap 2A, /7T, < 3.5. This suggests
d-wave or strongly anisotropic s-wave pairing state. Qur purpose is to study the latter
case, but with interband anisotropy instead of the more conventional angular one.

The extension of the BCS theory for two or more superconducting bands was
worked out by Suhl, Matthias, and Walker® and independently by Moscalenko 6,
and later elaborated on by many. Later, it was realized” that the fact that several
bands cross Fermi level is not sufficient to have considerable many-band effects in
superconductivity. Only when the bands in question have really different physical
origin, a substantial effect may appear.

This is the case in many high-T, cuprates. In particular, Y Ba,CusO7 is knowr
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to have four sheets of the Fermi surface, all four having different physical origin®*®:
one is formed by the chain pdo (seen by positron annihilation), another is an apical
oxygen band (seen in de Haas-van Alphen experiments), and the last two are bonding
and antibonding combinations of the two pdo plane bands (seen by angular-resolved
photoemission). Basing on the richness of the band structure of Y Ba;Cu3z07, several
groups pointed out that at least two-band'®, or probably the whole four-band!!12,
picture should be used to describe superconductivity in this system. Various exper-
iments have been interpreted as indicating two or more different superconducting
gaps.

A simplest solvable model containing all essential physics is a two-band model.
We shall consider two bands for Y B;Cu307: a chain band and a plane band. It is
generally believed that superconductivity appears because of the plains and in the
chains is induced. Consequently, we shall assume the coupling constant in the planes,
As, to be much larger than that for the chains, M. We shall also include a finite
interband coupling, Ans, and a finite scattering rate (‘interband tunneling’) between
the bands, ['ns. This model has been considered in'®, where T, and energy gaps in
both bands were calculated. In order to make comparison with experimental data
electromagnetic response and energy spectrum should be investigated in more detail.
We present the results of a general treatment of this two-band model in a strong
coupling regime. Magnetic penetration depth and densities of states in each band are
calculated. Josephson effect between two-band superconductors as well as between
two-band superconductor and conventional one is studied.

2. The model

We shall now remind the basic equations of the multiband BCS theory®~". The
Hamiltonian has the following form:

— . * . aff x . g'] * . * .
H= Z € kCi kaCika T Z (tij CikaCikB — ?ci,kacJ,k’orci,—kﬁcj,—k’ﬁ) (1)
i koo ijkk'af

where 7,j are a, are band and spin indices, respectively, ¢;x is kinetic energy in
i-th band, ¢f;, and ¢ are corresponding creation and annihilation operators. g;;
are the averaged pairing interaction energies resulting from intraband and interband
phonon emission and absorption, minus the corresponding screened Coulomb inter-
action terms, and tf‘jﬁ are matrix elements describing elastic intraband scattering as
well as interband one (interband tunneling).

In the simplest case t;-’jﬁ = 0 the order parameter A; on the i-th sheet of the Fermi
surface is given by the equation

w tanh(y/E? + A%/2kpT
Ai = ZAleJ/ODdE ( J/ B )’ (2)
j

VB + A

where the cut-off frequency wp is assumed the same for all sheets. T is defined in
the usual way by the effective coupling constant, Aesf, as In(2y*wp/7T.) = 1/Aess,
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o* ~ 1.78. The coupling constant A.zs is the maximal eigenvalue of the matrix A;; =
gijvj, where v; is the density of states at the Fermi level (per spin) in the j-th band.
In a case of strong coupling (A;; > 1) the BCS approximation is not applicable.
The Eliashberg strong-coupling theory takes into account effects of retardition due to
finite ratio T, /wp, as well as decay of quasiparticle excitations. The equations of this
theory for a many-band case have the form: /
/

: Al
A, =DinZiy =T (Xii D — 1) + (55 — 1i5) = (3)
EE A s ]}\/(As-,m)w o

w; _wnZ,n—wn+7rTZZ{/\,JDnnl+ ¥i 75 (4)

}\/ ]m)2+(w]m)

where D, » is a phonon Green’s function, Z;, is a renormalization function, y; =

2
% v; is the scattering rate from band ¢ into band j due to nonmagnetic im-

2 - .
v; is the same for magnetic impurities. For a weak

purities, and 7 = Yazp t?jﬁ '
coupling case A;; << 1 Eqgs.(3,4) reduce to the equations of the BCS model.

Let us consider now specific case of a two-band superconductor. We assume
that electrons in one of the bands (s-band) interact strongly with phonons, the cor-
responding coupling constant A, = 3, and electrons in another band (n-band) are
weakly coupled. In the notations of Kresin and Wolf © the corresponding coupling
constants are Ayy = A; = 3, A2 = A, << A,. To choose interband coupling constants,
A1z = A and Az = A5, one can use the relation Mg,/ Ans = vy /s, According to the
band structure calculations ® v,,/v; << 1 for YBCO chain and plain bands, therefore
we used in our calculations A, = 0, while ), is a free parameter. Similarly, we
have chosen scattering rates v;;,7f; in Eqs.(3,4) as: 112 << 721, ¥, << 3, 11 = 0.
Intraband elastic scattering rates are 731 = Y22 = 0.177, (clean limit, where results
do not depend on specific choice of these parameters). Interband elastic scattering,
721 =D'rs, interband magnetic scattering, v3;, and magnetic scattering in the n-band,
Y55 = I'm, are the parameters of the model. Introduction of nonzero magnetic scat-
tering in the s-band, 75, does not lead to qualitatively different results (it simply
shifts T, of the whole system), whereas finite interband magnetic scattering, v3;, can
lead to sign reversal of the gap in different bands and therefore can manifest itself
in Josephson experiments, as discussed below. With the parameters specified above,
the Eliashberg equations (3,4) were solved numerically for two bands.

3. Electromagnetic response and energy spectrum

Electromagnetic responce of a two-band superconductor can be calculated by gen-
eralization of standard approach developed for strongly-coupled supeconductors 4.
The static response is determined by effective superfluid density, 6~%(T), where §(T')
is the magnetic field penetration depth. Details of calculations as well as the results
for high-frequency response will be given elsewhere.
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The results of the calculations of a normalized superfluid density are shown in
fig.1 for the coupling constants A /As = 0.2, Ty = 0.17, and various Ans/As. Large
deviations are seen from isotropic BCS as well as from isotropic strong-coupling (SC)
curves at low T, where the model predicts 62(T)/67%(0) x 1 — exp(—Amin/T) with
2Amin/Te ~ 0.5+ 1 and 2An.x/Te & 5 in the considered parameter range.

I
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o
o

o
»

(6(0)/6(T))"

————— Ana/Ae=0
..... x:'/h:=0' 1

o
N

g
(=]

o4 06 08 1.0
T/T.
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Fig. 1. Normalized superfluid density for /\n//\s = 0.2 and various /\ns//\s ratios

-
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_————— -l

No( @), No( w)

Fig. 2. Left: DOS in s-band (solid lines) and in n-band (dashed lines) at various temperatures T
(in cm™1). Right: the same for various I', (in em ) at T =10

Nonexponential behavior at low temperatures, T* (with a > 2), can take place
due to scattering of carriers by low-frequency excitations (phonons, soft plasmons or
two-level centers), independently on a pairing mechanism '>1¢. Experimental data
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for epitaxial Y B,Cuz07 films from 17 are also shown for illustration. Qualitative
similarity is seen at low temperatures. Quantitative comparison of the theory with
penetration depth measurements for different high T; materials is in progress.

DOS in each band were calculated numerically from the solution of Eqs.(3,4),
analitically continued to the real energy axis ¢ = —iw,. The results for A,; = 0 and
T, = T. are shown in fig.2. DOS in the s-band is peaked at w = Anay whereas
DOS in the n-band is peaked at w = Apy, with 2Am.:/T. = 5.3 and 2A;, /T, = 1.5.
As seen from fig.2, there exists a finite gap at low T, but at higher temperatures a
gapless state develops, which is due to pair-breaking effect of thermal phonons.

The influence of magnetic scattering in the n-band is shown in fig.2. Here I', is
the scattering rate on magnetic impurities in the n-band. It is seen that with increase
of T, the small gap A, decreases rapidly, whereas the larger gap Anay is almost
not changed (as well as T.). As a result, for sufficiently large I', = T a gapless state
develops. This effect was first predicted in 1°. On the other hand, our numerical
solutions do not depend on nonmagnetic intraband impurity scattering (Anderson
theorem). The sensitivity of a small gap to the magnetic scattering can be a reason
for complicated gap structure observed in ¥ B,Cu30- in tunneling measurements 2,

4. Interband sign reversal of the gap and Josephson effect

In the given model the small gap, Amin, is determined by the value of Amax and
by interband interactions. As a result, under certain conditions Ay, can become
negative. To analyze these conditions, let us note that near T¢ the solution of Eq.(2)
is Ay /Ay = (Aess—A11)/ M2 Dueto Aegs > Ay, one can see directly that the interband
sign reversal of the gap (ISRG), sign(Ay/A;) = —1, takes place when nondiagonal
matriz elements A1y and Ay are negative.

Below we shall demonstrate that even a fully attractive interaction g;; > 0 can
lead to the sign reversal when at least one of two conditions is satisfied: (a) interband
pairing interaction is weaker than Coulomb preudopotential, (b) there is sufficiently
strong interband scattering on magnetic impurities.

(a) If g’s are electron-phonon pairing potentials, then Eq.(2) should be corrected
for a Coulomb repulsion, which can be readily done” by substituting g;; by g;; — Uf; =
gi; — U*, where effective Coulomb repulsion U~ is logarithmically renormalized in the
same way as in one-band superconductivity theory (U* is assumed to be independent
oni,j). A direct consequence of that is that if the interband electron-phonon coupling
is weak, the situation with a negative gap, g;; — U* < 0, can easily realize because of
the interband repulsion.

(b) In the weak coupling limit and near T, Egs.(3,4) can be solved analytically.
For two bands, in the linear in +,y* approximation, Eq.(2) is recovered, with the
effective coupling matrix A :

il 2931 + it Y2 Vi — M2 )
Ae =A— A 11 12 12 AL 5
1 8T ( Yo = Y2 29+ 7+ 1! (5)
When all X’s are equal (isotropic case), the standard Abrikosov-Gorkov result ®

is recovered: 6\ = —mwA2(v§ + 5, + 7o + 7152) /8T
An interesting special case is A1z, A21 < A11, Az2. Then in the effective A matrix
nondiagonal elements can become negative, )\f]ff(z #7) = A+ 7 XX (75 —55) /8T 0,
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if 4¢; is sufficiently large. As discussed above, this situation will lead to ISRG.
In order to demonstrate this effect quantitatively, we solved the Eqs.(3,4) numeri-
cally, using the following parameters: Ay; = 1,A22 = 0.5, A2 = 0.025, A1 = 0.1,
yo1 = 4m1275 = 475, The results for low-temperature regime, T' << T., are shown
in fig.3. In accord with the condition derived above, when the difference 77, — 712 be-
comes larger than some critical value (in this case, 0.0427T,), the second gap changes
sign. In other words, when attractive interband coupling is relatively weak and the
magnetic interband scattering is strong, the system will choose to have two gaps of
the opposite signs, losing in pairing energy, but avoiding the pair-breaking due to
interband scattering.

0.25

0. 20

~1.

N -

(-]
3
_l—-—

~.

Fig. 3. Superconducting gaps at T << T, in a two-band system with interband scattering on
magnetic and non-magnetic impurities. Solid lines show 24, / T. (negative values are in the upper
left corner), dashed lines show 2A;/T,. Note the straight line corresponding to A, =0

Let us discuss the consequences for the Josephson effect. A lot of unusual exper-
imental results have been reported so far for Y B,CuzOy 1920212223, Below we shall
indicate qualitative predictions of our model and relation to these measurements.

The Josephson current density between many-band superconductors can be writ-
ten as J, = y; JYsin¢*, where J¥ is the critical current density for tunneling
between the bands i and j, and ¢ is the gauge-invariant phase difference of A, A;.
In the simplest case of the Ginzburg-Landau regime

Jij = WAiAj/‘leRijkBT (6)

where Ri; = (h/€?)(pr/27h)?/ < D > is the resistance per unit area, < D > is
angle averaged transparency of the boundary and pr = min{pri, pr;). Following
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Geshkenbein and Larkin®®, we obtain that if sign(A;) = —sign(4;), then in the
stationary case (J; = 0) the finite phase difference appears, ¢;; = x. This, ISRG can
lead to existance of a “r—contact” considered first by Bulaevskii et al. 26 :

Generally, the total critical current, Ji°!, depends on orientation of the boundary
relative to crystallographic axes because of angular dependence of Ry;. It can become
negative for certain directions, when the contribution due to interband tunneling
prevails. The condition is J12 + J2! > J!! + JZ2 when both electrodes are two-band
superconductors (TB/TB), and J? > J!! if one of them is a conventional one-band
superconductor (TB/OB). This effect is similar to that considered by Sigrist and
Rice 27 for the d—pairing, resulting from spin-fluctuation mediated interaction 2%,
However, some of our predictions differ qualitatively, as discussed below.

For a TB/OB junction the tunnel resistance Ry,(#) depends strongly on the angle
6 relative to the b axis, namely R;5(6) has a sharp minimum at = 0 due to strong
D(6) dependence for a tunneling process. Moreover, according to the band structure
calculations &, kinetic energy of carriers along the chains is larger than that in the
plains, thus leading to larger < D > (§ = 0) values along the chains. As a result,
for small 8 we have J!*(#)<0, whereas for all other angles Ji°*(6)>0. Therefore an
intrinsic - phase shift will occur in this case between tunneling along a-and along
b-directions. Then a dc SQUID with junctions on a and b faces of a crystal, will show
®0/2 shift of a field dependence I(H). This effect was first observed in ref. ' and
attributed to the d,2_,» pairing state. Another consequence is a local minimum of
a Fraunhofer pattern at H = 0 for a single junction formed on the corner of a crys-
tal, because J, changes sign along the junction. Moreover, the existance of nonzero
Josephson current observed for c-axis tunneling in Pb/ insulator/Y;_, Pr, Ba, Cuz O7
tunnel junctions in ref.?* contradicts to the dy2_,» symmetry, but is consistent with
the suggested scenario (chains-plains). The reason is that, contrary to the case of
d,>_.,» symmetry, an average order parameter in ab plane is nonzero.

Interesting consequences appear for TB/TB junctions (in a case of ¥ BayCuzOq
these are grain-boundary junctions). As follows from the above arguments, if § = 0
in only one of the grains, then the grain boundary is a 7-contact, otherwise it is
a conventional one. Consider a closed contour crossing N grain boundaries. Flux

quantization condition in zero external field reads n®, = LI¥ + zmzl,N(QO/Zﬁ)ng;z),
where L is a self-inductance of a ring and qﬁg;n)is a phase difference across m-th
junction. Then if a contour crosses an odd number of 6 = 0 junctions, a spontaneous
magnetisation of a ring with half-integer flux quantum will occur, whereas for even
number of # = 0 junctions - with integer flux quantum.

Spontaneous magnetization with half-integer flux quantum in a three-junction
ring and with integer flux quantum in a two-junction ring was demonstrated recently
for YBayCusOy in ref.??. In this experiment all grain boundaries were of 6 = 0
type (7 — junctions). Thus, the results 22 are in agreement with our proposal. To
distinguish it from the d-wave scenario, measurements for different grain orientations
are necessary, because the criteria for a m-junction, and therefore angle dependences,
are quite different. On the other hand, the absence of angular dependence of J. for
some different grain-boundary orientations was observed in ref.?° in Y Ba,CusOy7. It
does not contradict to our our scheme. Indeed, in 2° all six grain boundaries have
had 8 # 0 which results in J**(0) ~J!*(0) = const.
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Another interesting phenomenon observed first in Bi-based HTS ?* and more re-
cently in Y BayCuzO (ref.?®) is the paramagnetic Meissner effect ("Wohlleben ef-
fect”). The explanation was proposed in refs.?*2” in terms of intrinsic 7-junctions
between weakly coupled regions. An external magnetic field will align spontaneous
current loops and can produce a net positive magnetization (paramagnetic). As dis-
cussed above, such intrinsic 7—junctions are naturally predicted by the two-band
model, thus making this effect possible.

Acknowledgements

We are gratefull to G.M.Eliashberg, V.Z.Kresin, B.Aminov, N.Klein, G.Mueller,
S.0rbach-Werbig, M.R.Trunin and S.I.Vedeneev for many usefull discussions. The
work was supported in part by RFFI under Grant N 94-02-03236 and by INTAS
under Grant N 94-2452.

References

. B.Aminov et al, J.Supercond. 7 (1994) 361.
. S.L.Vedeneev et al, Phys. Rev. B49 (1994) 9823.
. W.Hardy et al, Phys.Rev.Lett. 70 (1993) 3999.
. N.Klein et al, Phys.Rev.Lett. 71 (1993) 3355.
H.Suhl, B.T.Matthias, and L.R.Walker, Phys.Rev.Lett. 3 (1959) 552.
. V.A.Moscalenko, Fiz.Met.Met. 4 (1959) 503.
. W.H. Butler and P.B. Allen, in Superconductivity in d- and f-Band Metals, ed.
D.H.Douglass (AIP, New York, 1976).
8. O.K.Andersen et al, Physica C 185-189 (1991) 147.
9. W.E.Pickett et al, Science 255 (1992} 46.
10. V.Z.Kresin and S.A.Wolf, Phys.Rev. B41 (1990) 4278; B46 (1992) 6458.
11. LI. Magzin et al, Physica C209 (1993) 125.
12. L.Genzel et al, Z. Phys. B90 (1993) 3.
13. O.K.Andersen et al, Physica C (1991).
14. S.B.Nam, Phys.Rev. 156 (1967) 487.
15. 0.V.Dolgov, A.A.Golubov and A.E.Koshelev, Sol.5t.Comm. 72 (1989) 81.
16. G.V.Klimovich, A.V.Rylyakov and G.M.Eliashberg, JETP Lett 53 (1991) 381
17. S.Orbach-Werbig et al, Physica C, to be published.
18. A.A. Abrikosov and L.P. Gor’kov, JETP 12 (1961) 1243.
19. D.A. Wollman et al, Phys. Rev. Lett. 71 (1993) 2134.
20. P. Chaudhari and S.-Y. Lin, Phys. Rev. Lett. 72 (1994) 1084.
21. A.G.Sun et al, Phys. Rev. Lett. 72 (1994) 2267.
22. C.C.Tsuei et al, Phys.Rev.Lett. 73 (1994) 593.
23. W.Braunisch et al, Phys.Rev.Lett. 72 (1992) 1908.
24. V.Ambegaokar and A.Baratoff, Phys.Rev.Lett. 10 (1963) 486.
25. V.B. Geshkenbein and A.l. Larkin, JETP Lett. 43 (1986) 395.
26. L.N.Bulaevskii, V.V.Kuzii, and A.A.Sobyanin, JETP Lett. 25 (1977) 290.
27. M. Sigrist and T.M. Rice, J. Phys. Soc. Jpn. 61 (1992) 4283.
28. P. Monthoux and D. Pines, Phys. Rev. B49 (1994) 4261.
29. S.Riedling et al, Phys. Rev. B49 (1994) 13283.




57

MEASUREMENT OF THE ELECTRODYNAMIC PROPERTIES OF HIGH
TEMPERATURE SUPERCONDUCTING FILMS

A.ANDREONE, A.CASSINESE, C.CANTONI, A.DI CHIARA, F.MILETTO GRANOZIO
and R.VAGLIO
Dipartimento di Scienze Fisiche, Universita’ degli Studi di Napoli "Federico II", Piazzale V.
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ABSTRACT

A technique to accurately measure the magnetic field penetration depth A of
superconducting thin films using a microstrip resonator is described. Measurements of the
temperature dependence A(T) performed on the high temperature superconductors
Ndj 85Cep.15Cu04-5 and YBayCu3O7_g are reported and compared, particularly in the
low temperature region. Their features are discussed in the light of recent theoretical
models predicting for the high Tc superconductors a pairing state with a dx2.y2 symmetry
instead of the usual s symmetry.

1. Introduction

In spite of the tremendous efforts made by both the theoretical and experimental
researchers, the key issues for High Temperature Superconductors (HTS), namely the
physical origin of the anomalous normal state properties, the mechanism for
superconductivity at high temperatures, and the superconducting pairing state, are still
unclear.

The scientific community is presently divided between two different approaches:
conventional, based on the attempt to extend the classical BCS theory into the new area of
ceramic oxides, and unconventional, in which exotic new mechanisms are proposed. One of
the currently most popular unconventional theories is based on the spin-fluctuation
mechanism for the high temperature superconductivity. This magnetic scenario can explain
the anomalous spin and charge response in the normal state and account for the value of T¢
observed in the cuprates. Moreover, it predicts that the antiferromagnetic correlations
between the quasi-particles must lead to a superconducting transition into a pairing state
with a dy2.y2 symmetry instead of the usual s symmetry .

In the last two years many experiments are claimed to provide strong evidence in favor of
d-wave pairing state, mainly in the field of nuclear magnetic resonance, photoemission,
penetration depth, microwave surface resistance, and tunneling measurements. However,
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most of these experiments has received an alternative explanations in terms of an isotropic
or possible anisotropic s-wave theory.

Among them, the low temperature behavior of the magnetic penetration depth A(T) is an
important clue as to the symmetry of the superconducting order parameter A(k). In a
conventional superconductor A(k) has the full rotational symmetry of the lattice,
corresponding to a finite energy gap over the entire Fermi surface. In an unconventional
superconductor A(k) has a reduced rotational symmetry, that in the special case of a dx2.y2
pairing state results in a energy gap showing line nodes on the Fermi surface. While an even
anisotropic s-wave pairing state manifests its presence in a A(T) dependence with an
exponentially activated behavior at temperatures well below Tc, in a pure dx2.y2
superconductor the penetration depth at low temperatures has been predicted to show a
linear dependence because of the availability of low-lying excitations of arbitrarily small
energy?. It has been also pointed out that for a d-wave superconductor impurity scattering
could induce a crossover from linear to quadratic behavior in the penetration depth
temperature dependence3. In the framework of the BCS theory, however, the T2 law can be
interpreted as evidence for gapless behavior4 or as a manifestation of weak links between
grains>. In any event, the occurence of an exponential temperature dependence of A for T <
Tc/2 should rule out d-wave theories.

Experimentally, however, it can be extremely hard to distinguish an activated behavior
from a power dependence in the low temperature region, where the penetration depth
variations are extremely small. In order to get reliable data, a high-sensitivity technique is
needed.

Here accurate microwave measurements of A(T) of Nd;j g5Ceg.15Cu04-§ (NCCO) and
YBayCu3z07.5 (YBCO) thin films are reported. In the low temperature region the method
employed allows to achieve a resolution of a few angstroms in the penetration depth
variations.

The behavior observed on fully c-axis oriented NCCO thin films shows without any
ambiguity that the electrodynamics of this superconductor can be well described by the BCS
theory. On the contrary, the results obtained on YBCO thin films grown with different
orientations are quite controversial. In c-axis oriented samples a T2 dependence is observed,
whereas a film with an high degree of a-axis orientation shows an activated-like behavior
with a very small value of the energy gap (2A/KgpT¢ =1.2) for T less than 10 K.
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2. Technique Description

The measurements are carried out by employing an inverted microstrip ring resonator,
first designed to determine the surface impedance of low Tc superconducting thin filmsS.
The configuration chosen for HTS consists of an annular microstrip (width W=500 pm,
diameter D = 8 mm) and a ground plane, both made of thin films with nominally equal
properties, deposited at the same conditions on (100) LaAlO3 1x1 cm? substrates. The
dielectric layer is a thin (h=130 pm), low loss, single-crystal sapphire. The ratio W/D is
small enough to ensure that in the frequency range of investigation (1-20 GHz) only the
TMp10 modes can propagate in the resonator. This corresponds to a r.f. magnetic field
approximately parallel to the plane of the substrates’. The microwave measurements are
performed at the first harmonic, between 3 and 4 GHz, using a vector network analyzer.
Unlike the configuration used for low T materials, in this geometry the high values of
radiation and dielectric losses don't allow to determine the surface resistance Rg for T <
Tc/2. The estimated sensitivity of the technique for Rg measurements is around 1 mq. This
method is nevertheless adequate to measure penetration depth variations with a high
sensitivity. It is wortwhile to observe that even in conventional low Tc superconductors,
like Nb or A15 compounds, the temperature dependence of the penetration depth is less
susceptible to extrinsic loss mechanisms than is Rg68.

In an isolated resonator the temperature dependence of the penetration depth of the HTS
thin films is related to the temperature changes of the resonant frequency vo(T) through the

relation?:
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where ¢ is the speed of light, €t is the effective permittivity of the device, and t1 and t3 are
the thickness of the ring microstrip and the ground plane respectively. The v, values are
measured observing the power transmitted by the resonator as a function of frequency. The
input and output signal launchers are capacitively coupled to the device and are adjusted so
that the resonator can be considered in the unloaded regime (insertion losses IL greater than
20 dB). The microwave power is usually set between -20 and -10 dBm; this condition,
together with the IL high values, ensures that the measurements are performed at low
excitation levels, avoiding the possible dependence of the data from the r.f power applied to
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the resonator. In the low temperature region (T < T¢/2) the typical quality factor measured
are around 103, giving a 3 dB bandwidth of the resonator of few MHz. The determination
of the resonant frequency is usually done sweeping the signal source through a frequency
window equal or less than the bandwidth and recording the maximum in the trasmitted
power as a function of temperature. The measurements, using a data acquisition system and
a temperature controller, can be fully automatized and run overnight. The sweep rate is set
to be much less than the bandwidth of the resonance, to avoid distortion of the line shape
and to allow a large number (1601) of frequency data points be taken near the peak. Thus,
the minimum resolvable fractional frequency variation will be:

Av
_8_\'_—_—_._3_&,.__1_510-6 2
v 1601-v 1601-Q

where Avgg is the 3 dB bandwidth of the resonant frequency Vo and Q = Vo/Av3gp.
Using Eq. (1), it is easy to show that the minimum resolvable penetration depth change
S\ corresponding to 8v is

m = 3)

For T less than T¢/2, this relation ensures a measurement resolution of approximately 1
A

Particular attention, of course, has to be paid to avoid that systematic errors can arise in
the penetration depth measurements. These errors are mainly due to the thermal variations of
the microstrip parameters and may invalidate the A(T) data, especially in the low temperature

region.

The effects related to the thermal expansion coefficients of both the dielectric layer and
the HTS thin films can be considered negligible and ignored®. However, the temperature
dependence of the effective permittivity of the device, €eff(T), must be taken into account.
geff, due to the fringing fields (W/h =4) and to the open structure of the resonator, will
include not only the dielectric constant of the sapphire layer, but also contributions related to
the propagation of the e.m. radiation inside the film substrates and into the medium
surrounding the package. From the measurements it is found that the temperature changes
of eeff are essentially due to the temperature dependence of the dielectric permeability of the
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helium vapor filling the dewar, as the microwave probe with the sample approaches the
liquid helium surface.
For an ideal, nonpolar gas, the dielectric constant & as a function of temperature T and

pressure P is given by

oP
€ =1+—— 4
T @

where kg is the Boltzmann constant and o is the electronic polarizability (otge=~2.5-1024
cm3).

To avoid that these effect can mask, in the low temperature region, the variations of the
resonant frequency related to the penetration depth, the measurements are performed at low
pressure conditions (P =1 +10 Pa) inserting the resonator inside a vacuum copper can. The
thermal linkage between the samples and the LHe bath is provided flowing a small but
constant amount of helium exchange gas inside the probe chamber during the experiment.

3. Experimental Results

The NCCO samples were obtained at the IBM laboratories by laser ablation from a target
of the desired stoichiometry in NoO ambient on LaAlO3 (100) substrates!0. The nominal
thickness of the films is 3000 A. The critical temperature values are in the 16-20 K range,
and the X-ray diffraction (XRD) data show c-axis orientation.

In fig. 1 the penetration depth shift AA(T) = A(T) - A(0) for one of the samples is
reported on a logarithmic scale as a function of the inverse of the reduced temperature T/T¢
in the low temperature region (T < T¢/2). The zero temperature value A(0) is obtained from
a standard best-fit of the full-range experimental vo(T) curve using the complete theoretical
BCS expression in the local limit (A >> &,). A clear exponential dependence is displayed by
AM(T), in accordance with the s-wave behavior (continous curve in fig. 1), which predicts

at low temperatures 11

AMT)=2(0), |20 exp[——Ag—- (5)

2K5T KyT

yielding1? an energy gap ratio 2A/KpTc = 3.1.
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Fig. 1: low temperature dependence of AL(T) for a c-axis oriented NCCO thin
film. The solid curve is the best-f