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A. Problem Statement Q 

The objectives of this ARO program were (1) the experimental and theoretical investigation of  l€n~  
microwave and millimeter wave magnetic envelope solitons,  (2) the application of Brillouin light       ~ "~ 
scattering (BLS) techniques to the study of nonlinear magnetic excitations in magnetic films, and (3) -~~~^-~™~~~. 
the use of BLS techniques to understand the magnetic properties of magnetic thin film sandwiches --iJblsidb— 
and multilayers, and (4) microwave/millimeter wave characterization of hexagonal ferrite materials.   iiil^l32_ 
One personal objective of the work was to reestablish a U.S. presence in (2) and (3). ; JpWo« 
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B. Summary of Results 

1. Microwave Magnetic Solitons in Thin Films 

Numerical modeling: A theoretical study of soliton profile solutions to the nonlinear 
Schrödinger (NLS) equation was completed. The results demonstrated several key features of spin- 
wave envelope solitons: (1) propagation at amplitude dependent velocities other than the linear wave 
group velocity, (2) characteristic soliton properties when the dispersion and nonlinear response satisfy 
the Lighthill criteria, and (3) increased pulse decay rate in the nonlinear soliton regime. 

Dipole-Exchange Mode Properties: In preparation for soliton measurements, work was also 
done on the magneto-exchange mode resonance spectra for the thin yttrium iron garnet films to be 
used for soliton generation. This work revealed structure in the"main mode" usually associated with 
the uniform precession resonance which was comprised of both a volume mode and a surface mode 
component. The spectra could be fitted by a dipole-exchange model based on standing waves across 
the film dimensions. This work resolves the long standing controversy over spectra interpretation 
between Sparks and Wolfram and deWames. 

Soliton Measuring System: For the soliton measurements, a special microstrip delay line system 
was designed and constructed for use in the 6 GHz frequency range. The system employs a 
microwave synthesizer, a fast semiconductor microwave switch, a TWT amplifier, a delay line 
transducer structure, and a microwave transition analyzer for signal detection and analysis. The 
system has been used to study backward volume wave solitons, dark surface wave solitons, and 
forward volume wave solitons in yttrium iron garnet (YIG) thin films. 

Backward and Forward Volume Wave Solitons: The backward volume wave (BVW) solitons 
for in-plane magnetized films satisfy the Lighthill criterion for soliton propagation. These modes have 
in-plane wave vectors which are parallel to the dc magnetic field and hence along the long direction 
of the long narrow YIG film strip used for the experiments. The observation of BVW solitons 
required a reasonably large magnet gap with the dc field and placement of the transducer structure 
in-line with the field in the gap. It was possible to make quantitative measurements of single and 
multiple soliton profiles by varying the input microwave power at fixed pulse width and by varying 
the input pulse width at fixed power. The results could be correlated with the various characteristic 
times for propagation, dispersion broadening, decay due to relaxation, and nonlinear response. 
Numerical modeling based on the NLS equation yielded profiles which were in fair agreement with 
experiment but showed several important discrepancies as well. These discrepancies indicate the 
importance of nonlinear damping in the soliton propagation processes. A similar program of 
measurements and modeling were carried out for forward volume wave solitons, in a configuration 
with the dc magnetic field perpendicular to the YIG film. 

Dark Solitons: The use of a so-called "dark" input pulse, essentially a cw carrier signal which 
is turned off for 10-20 ns or so to form the "dark" signal, made it possible to observe dark solitons 
with the YIG film biased in the magnetostatic surface wave configuration with the in-plane dc 
magnetic field and the propagation direction perpendicular rather than parallel. The dark soliton 
profiles were in good agreement with theory and exhibited the characteristic 180° phase shift 
expected for dark solitons. 
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Multiple Soliton Thresholds: On the basis of the above results, further studies of the threshold 
powers required to produce multiple solitons was carried out. Here, the dependence of the threshold 
power for the nonlinear response which leads to eventual soliton formation on pulse width led to a 
critical experimental test of soliton theory. The data support the prediction that (1) the thresholds 
vary as the inverse of the square of the input pulse width and (2) the thresholds also scale with the 
number of solitons n according to a factor (2n-\)2. 

Soliton Collisions: Work was also done on soliton collisions in both BVW and FVW 
configurations. The experiments were done by taking advantage of the near perfect reflection 
properties of properly prepared film edges for the pulses. It was possible to verify the basic property 
in which two soliton pulses pass through each other with no change in shape. In the BVW case, a 
peculiar wake effect was also observed. Here, the first soliton pulse was found to have a definite and 
reproducible effect on the shape of the second soliton, even without collision. The soliton collision 
work was a collaborative effort with scientists from the St. Petersburg Electrotechnical University, 
supported in part through a NATO Linkage Grant. 

2. Brillouin Light Scattering (BLS) on Nonlinear Magnetic Excitations 

An additional objective of the program was to apply Brillouin light scattering to the study of 
nonlinear spin wave processes in thin films. As part of this effort, Dr. Ming Chen and Professor 
Patton authored a chapter on spin wave instability processes which appeared in Nonlinear 
Phenomena and Chaos in Magnetic Materials in 1994. Considerable experimental and theoretical 
work was also done on spin wave instability processes in thin films: (1) A comprehensive theory of 
first order processes for thin films. (2) Measurements and analysis for the effect of different field 
configurations and film shapes on the thresholds and critical modes in subsidiary absorption. (3) 
Brillouin scattering characterization of the wave number and propagation angle distributions for the 
critical modes which are excited above threshold. (4) A detailed study of the fine structure associated 
with parallel pumping in YIG films magnetized perpendicular to the film plane. 

In (1) and (2), all of the basic questions concerning spin wave instability in single crystal ferrite 
materials appear to have now been answered. A key result is that the density of states for the 
standing modes across the thickness and the lateral dimensions of the film has dependences on 
propagation angle and wave number, in combination with a theory which includes clusters of coupled 
modes, appears to explain all measurements to date. This represents a significant breakthrough in the 
understanding of spin wave instability processes. 

In (3), it is found that the critical mode magnons above threshold do not follow the standard 
theoretical predictions of Suhl and Schlömann. Rather, the wave number distributions can be quite 
broad. It is clear from these results that the number of coupled modes which participate in instability 
processes can be quite large. This result is consistent with the more detailed results found in (1) and 
(2). 

In (4), the standing mode nature of the critical modes for parallel pumping in in-plane magnetized 
films was firmly established. The results show, in addition, a useful way to determine the exchange 
stiffness parameter for thin films from parallel pumping experiments. 
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3. Brillouin Light Scattering (BLS) on Multilayers 

The existing Fabry-Perot interferometer was upgraded with redesigned optics and a special 
antivibration stage to make a state-of-the-art multipass-tandem system with extremely high contrast, 
high photon counting sensitivity, and low noise. Measurements were carried out on giant 
magnetoresistance (GMR) multilayer thin films which demonstrate the nature of the high frequency 
magnetic excitations in such films. The measurements could be correlated in a quantitative manner 
with both the magnetization processes in the films and calculated mode dynamics. It was possible 
to show that the BLS spectrum for sandwich films is a very good indicator of the micromagnetic 
processes which define the magnetic ground state under given field conditions. One can see details 
in the magnetic transitions which are poorly defined, at best, by other techniques. 

4. Other Work Accomplished 

As an extension of the successful work on multilayers, the BLS technique was also applied to 
the problem of new phases for magnetic film materials, namely, fee cobalt. This work has led, in turn 
to a new examination of the role of magnetocrystalline anisotropy in high frequency thin film 
magnetics 

Measurements of the off resonance low power losses in hexagonal ferrite materials for millimeter 
wave applications was completed. The results indicate that the intrinsic ferromagnetic resonance 
linewidths in these materials are in the 0.6 Oe/GHz range, compared to 0.05 Oe/GHz for single 
crystal YIG. Such materials, with improvements, are candidates for millimeter wave soliton devices 
and multilayer films in the future. 

5. Future Plans 

The grant for the current program ended on September 30, 1994 and was granted a no cost 
extension through March 30, 1995 to allow for the completion of the work. A renewal proposal on 
"Microwave Magnetic Thin Film Soliton Device Physics" was submitted to the ARO on August 1, 
1994. The ARO has indicated an intent to fund this work for three years with a start date of June 15, 
1995. This work will extend the fundamental soliton work described above to the area of real device 
concepts and novel signal processing techniques which parallel the recent explosion in fiber optics 
and optical soliton communications technology. 
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24. "Subsidiary Absorption Spin Wave Instability Butterfly Curve Size Effects and Lateral Modes 
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