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OBJECTIVES 
• Measurement and modeling of the nonlinear microwave properties of thin films of 

high-Tc materials in order to understand the loss mechanisms and the nonlinear 
mechanisms. 

• Measurement of the nonlinear properties of thin-film high-Tc Josephson junctions in 
order to relate to films with defects 

• Measurement of the linear and nonlinear microwave impedance in an applied dc 
magnetic field in order to understand the vortex pinning mechanisms 

• Overall objective is better films for microwave components for application in 
communication and radar systems 

STATUS OF EFFORT 
• Measurements of surface impedance in an applied dc magnetic field have been 

completed. A new model of pinning and the microwave losses associated with the 
pinning was developed. The model was corroborated by the analysis of the nonlinear 
data. This work was the subject of Nathan Belk's successfully completed Ph. D. thesis. 

• Measurements of the microwave properties of fabricated Josephson junctions have 
been completed. Both edge junctions and grain-boundary junctions fabricated at NIST 
Boulder have been measured. Grain-boundary junctions should more closely agree 
with the plain films because low-angle grain boundaries may be responsible for the 
power dependence. This work was done with 24 degree bicrystal substrates. We also 
have begun characterization of junctions fabricated on substrates with smaller grain- 



• 

boundary angles, 10, 5, and 2 degrees that should more closely resemble the low-angle 
grain boundaries found in thin films. Joe Habib a Ph.D. student has conducted these 
measurements for his thesis. 

A new model of microwave impedance of long Josephson junctions has been 
developed to analyze the measurements. This was the topic of Capt. Christopher 
Lehner's MS thesis. 

• In collaboration with Dr. Jeffery Herd of the Air Force Research Laboratory, we are 
continuing to develop a model of power dependence in high-Tc films that includes an 
array of Josephson-junction-like defects. A Ph. D. student, Hao Xin is contributing to 
this effort 

• Measurements of the power-dependent surface impedance of films continued in order 
to monitor improvements in film quality and to provide data for the modeling efforts. 

ACCOMPLISHMENTS/NEW FINDINGS 

The research in microwave power handling of high-Tc thin films has focused on three 
areas: 1. Nonlinear microwave flux dynamics, 2. Nonlinear impedance of engineered 
Josephson junctions and the dynamics of Josephson vortices associated with the nonlinear 
impedance, and 3. Extension of the coupled grain model to include a distribution of Ic and 
Rn. 

1. Nonlinear microwave flux dynamics 

We have carried out extensive measurements in a dc magnetic field. Our work has yielded 
an entirely new model of microwave-frequency vortex dynamics in thin films. Crucial to 
the development of this new model was the measurement of the surface impedance as a 
function of frequency as well as the characterization of the nonlinear properties. The 
measurement and the modeling are reported in two publications and were the subject of 
the thesis of Nathan Belk who finished his Ph. D. work in 1997. In essence, the model 
explains the linear as well as the nonlinear surface impedance by proposing that the 
microwave losses are dominated by thermally activated hopping of vortex segments 
between metastable pinning sites, and that a broad spectrum of pinning energies is found in 
the material. This differs substantially from the hitherto employed model of vortices pinned 
in parabolic wells that has been applied to the vortex dynamics of the low-temperature 
superconductors. This understanding of the microwave-frequency surface impedance in an 
applied field is essential for the development of microwave devices that operate in ambient 
magnetic fields. These results were reported in two publications. 

2. Nonlinear impedance of engineered Josephson junctions 

We have continued measurements of the microwave impedance of engineered Josephson 
junctions. Preliminary reports on these junctions are in two publications and a more 
detailed paper of results to date has been accepted for publication. In addition to the ramp- 



type junctions initially studied, we have now characterized grain-boundary junctions 
grown on sapphire bicrystals at NIST Boulder. The grain-boundary junctions should better 
approximate the kinds of junctions that we believe are responsible for power dependence. 
In addition to the measurements, we have developed a model of the junctions that includes 
the unique boundary conditions experienced by the junctions in the stripline resonator. The 
model is a circuit simulation of the extended Josephson junction in the resonator that 
allows as input the exact microwave current distribution of the stripline.. To solve the 
sine-Gordon equation, it uses a circuit model of many (of order 100) parallel, small, 
resistively shunted junctions coupled together by inductors to simulate the magnetic 
coupling by the Josephson penetration depth. The circuit model allows the introduction of 
the exact current distribution of the stripline resonator which is difficult to do otherwise. A 
significant portion of the modeling has been implemented by Capt. Christopher Lehner, a 
M.S. student who is on active duty with the U. S. Army. 

These are the first direct measurements of the microwave properties of high-Tc engineered 
junctions. Understanding the microwave nonlinear behavior of Josephson junctions is 
necessary to understanding the power dependence of thin films, since the defects are most 
likely to include grain boundaries and stoichiometric defects that behave like junctions. 
Knowledge of the microwave properties of the Josephson junctions is also of great 
importance for the application the junctions in microwave devices or high-speed digital 
circuits. 

Furthermore and of equal importance, this effort has opened the study of a new wealth of 
physical phenomena, namely the dynamics of Josephson vortices. Youssef Habib who is in 
the final year of his Ph. D. research has been responsible for the experiments showing the 
dynamic effects. The measurements, and now modeling, show clear evidence of the 
generation and annihilation of Josephson vortices by the microwave currents flowing 
through the junction. This is the first evidence of vortex creation by microwave currents, 
although this mechanism has long been proposed to explain the observed power 
dependence. 

3. Extension of the coupled grain model to include a distribution of Ic and R„. 

We have extended the coupled-grain model of plain films to include the effects of a 
distribution of Ic and R„ values each of which can be independently varied. In conjunction 
with this work we have emphasized the use of the so-called r value to characterize the 
nonlinearity of the film. The r value is the ratio of changes in surface resistance to surface 
reactance defined as r = ARs(Hrf)/AXs(Hrf). 

In addition to the distribution of junctions, the new modeling has included the small- 
junction properties as developed to fit our engineered-Josephson-junction measured 
results.. This work has yielded results to explain experimental data of ours and others that 
could not be explained in any other way than by a distribution of junctions. In fact the 
extended coupled-grain model seems to be able to fit the entire range of surface 
impedance results that so far have been reported by us or by others. This implies that the 



Separation of the power dependence into two regions, a coupled-grain region at low 
power and a hysteretic region explained by the Bean model is not need to fit the data. The 
extended coupled-grain model is sufficient to explain the surface impedance over the 
entire range of microwave powers. A new Ph. D. student Hao Xin has contributed to this 
work. 
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