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STATEMENT OF PROBLEM STUDIED

ARO Grant DAAGS5-98-1-0430 has supported a research program to (1) develop prototype soliton switching,
parametric amplification, and decay free delay line devices; (2) develop new device concepts based on the phase and
velocity characteristics of solitons; (3) apply Brillouin light scattering techniques to beam soliton characterization
and to time resolved soliton formation processes. Significant progress has been made in these areas of microwave
magnetic envelope (MME) soliton research. New types of solitons, in the form of “dark” surface wave solitons and
backward volume wave solitons for in-plane magnetized yttrium iron gamet (YIG) films, were generated, detected,
and modeled. Soliton formation, propagation, decay, reflection and collision properties were measured and modeled
on the basis of the one dimensional nonlinear Schrédinger equation. Parametric pumping and feedback techniques
were developed to amplify solitons and self generate eigenmode soliton signals. Brillouin light scattering (BLS)
experiments on propagating soliton pulses were successfully carried out for the first time. These BLS measurements
sampled directly the wave vector make-up of the soliton signals. Soliton pumped spin waves were also observed
and analyzed by the BLS technique. There have been three very recent developments: (1) time and space resolved
capability has been added to the BLS system; (2) a new space and time resolved inductive magnetodynamic probe
(IMP) technique has been developed and applied to the characterization of soliton delay line devices; (3) a new
frequency filtering technique has been used to self generate trains of both bright and dark solitons and produce a
phase locked frequency comb. This work has been featured in several recent Physical Review Letters and Applied
Physics Letters, conference symposia, and invited talks.




SUMMARY OF THE MOST IMPORTANT RESULTS

a. Overview

The microwave magnetic envelope (MME) soliton
program has had, as stated in the original proposal
abstract, three thrusts: (1) prototype soliton switching,
parametric amplification, and decay free delay line
devices; (2) development of new device concepts based
on the phase and velocity characteristics of solitons; (3)
application of Brillouin light scattering to beam soliton
characterization and to time resolved soliton formation
processes.

This section provides a summary of the work
accomplished during the grant. Most of the results
relate to long and narrow yttrium iron garnet (YIG) thin
films excited by a microwave pulses applied to a
microstrip antenna across the strip. The pulses are
detected by a second antenna at a different position
along the strip. The primary excitations here are
dipolar magnetostatic wave (MSW) pulses. At high
input power levels, these MSW pulses can form
solitons.

For continuity and clarity, some of the
accomplishments summarized below include, in
addition to work under the current grant, DAAGS5-98-
1-0430, work from the previous funding period under
DAAH-95-1-0395. The sections below track the three
thrust areas in the original proposal. In order to keep
the overview compact and direct, citations to published
papers are omitted here. Archival papers and
presentations are listed in a separate section.

1. MME solitons and devices for switching,
amplification, and signal processing

The previous and just ended grant resulted in the
first experimental work in the USA on high frequency
envelope solitons in magnetic thin films. Microwave
magnetic envelope (MME) solitons, in the form of
“dark” magnetostatic surface wave (MSSW) solitons
and backward volume wave (MSBVW) solitons for in-
plane magnetized films have been generated, detected,
and modeled theoretically. Soliton formation,
propagation, decay, reflection, and collision properties
were measured. The one dimensional nonlinear
Schrédinger equation was used to model these signals.

Techniques to switch soliton signals on and off by
the application of cw signals were developed. Some
work carried over from the previous to the current grant
period was directed at the controlled switching of
soliton output signals between different ports of a
multi-port transducer structure. It was found that cross
talk limited the usefulness of such a switch.

Work started in the previous grant period on
soliton trains in resonant ring structures was extended
to produce decay free soliton pulse sequences under
various conditions. (1) Trains of solitons could be
produced through self generation, with no input pulse
whatsoever. (2) Both bright and dark soliton trains in
one and the same ring. (3) Antenna structures with
specially designed frequency filtering characteristics, in
combination with feedback, were used to produce trains
of both fundamental dark solitons and bright solitons.
All of these configurations yield frequency power
spectra which corresponds to a phase locked comb of
frequencies.

2. Soliton and narrow pulse device concepts

Several new nonlinear effects were discovered near
the beginning of the current grant period. As a result,
the singular focus on soliton devices was expanded to
include new device concepts based on these effects.
These effects, which include bistability and foldover in
ponlinear ferromagnetic and magnetostatic mode
resonance and the generation of parametric spin waves
through three magnon splitting, have led to a rich
variety of new and useful signal processing device
concepts.

Especially noteworthy accomplishments from this
work concern the production of ultra short 1-2 ns wide
microwave pulses from pulses with widths up to 100 -
1000 ms. It is to be emphasized that this short pulse
generation does not involve solitons, but the generation
of half frequency spin waves. The various frequency
and input power conditions needed to produce the ultra
short pulses were examined in detail. Standard as well
as space and time resolved Brillouin light scattering
techniques were used to verify the role of the three
magnon splitting process in the observed response.
Extensive work was also done on bistable nonlinear
magnetostatic wave and magnetostatic mode




interactions, with direct applications to microwave
switching and limiter devices.

3. Time and space resolved Brillouin light
scattering and inductive probe techniques

Over the years, the Colorado State University
(CSU) group has been a key contributor to the
development of Brillouin light scattering (BLS) as a
versatile probe of magnetic excitations in metallic thin
films, bulk ferrite, and ferrite films. The group
pioneered the frequency and wave vector selective BLS
technique to probe parametric spin waves as well as the
usual linear normal mode magnetic excitations in a
variety of materials. Much of this work was supported
by the ARO. A previous Air Force grant in the middle
1980’s was used to develop the BLS technique as a
diagnostic tool for magnetostatic wave devices. The
National Science Foundation (NSF) has also provided
support for the fundamental aspects of the BLS
research.

In the course of the just ended grant, the BLS
technique has been established as modern probe of
MME soliton properties. After the discovery of the
ultra short pulse effect discussed above, the technique
was also used to map the three magnon splitting
processes which drive the effect. Through frequency
and wave vector selective BLS measurements, it was
possible to observe directly the half frequency spin
waves generated in the splitting process and verify that
the excited modes were in the expected range of wave
vectors. Very recent (and ongoing) work with the new
time and space resolved BLS system reveals the
dynamics of the short pulse formation and the
associated magnon generation.

The soliton work to date shows that a critical
aspect in the nonlinear dynamics is the phase profile of
the signal. While BLS is a unique probe of
fundamental magnetic excitations, the technique cannot
access phase. The BLS measurement is also rather
exacting. It requires a careful and delicate optical
alignment and high signal to noise photon counting.
For these reasons, a companion inductive
magnetodynamic probe (IMP) technique has been
implemented. Here, one uses a small 100 ym scale
inductive loop to detect the surface fields associated
with the propagating magnetodynamic waves. One
detects the time varying microwave fields and obtains,
thereby, both amplitude and phase information. The

CSU system has both space and time resolved
capability. The BLS and inductive probe techniques
compliment each other. The BLS probe can yield wave
vector information, while the inductive probe can yield
phase information. The IMP technique can also be
converted to electrodynamic detection by replacing the
loop with an open ended coaxial line with an extended
center conductor of small dimension.

b. Education and Human Resources

Personnel supported and degrees granted during
the current grant period are indicated below. A listing
of specific personnel is given in the last section of this
report.

High school summer apprenticeships:
Undergraduate work study students:
Undergraduate degrees:

Apprentice students (Germany)
Graduate students:

Master of Science degrees:

Ph.D. degrees granted:

Postdoctoral fellows:

Visiting scientists:
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¢. Publications and Presentation Statistics

Publications and presentations produced under the
just ended grant are listed in the next section. Statistics
for the program are indicated below.

Archival journal publications (including
accepted, in press publications but not
conference proceedings): 19
Conference proceedings articles

(in press)

Journal articles submitted:

Journal articles in preparation:

Presentations: 2

W W NN

The above publications include:

Physical Review Letters: 5
Applied Physics Letters 1
Physical Review B: 2

3

Journal of Applied Physics:

d. Collaborations and connections

The CSU group has an ongoing interaction with the
group of Professor Mark Ablowitz in the Department of
Applied Mathematics at the University of Colorado at



Boulder. Professor Ablowitz’ group is interested in,
among other things, the electromagnetic basis of the
NLS equation in magnetics, two dimensional soliton
processes in nonlinear optics, and the slow approach
collision problem. Other theoretical collaborations
include Professor Andrei Slavin at Oakland University,
Rochester Michigan and Professor Craig Zaspel,
Montana State University, Bozeman.

There have also been extensive international
collaborations. We maintain an intensive cooperation
with the group of Professor Boris Kalinikos at the St.
Petersburg Electrotechnical University, St. Petersburg,
Russia and Professor Yuri Fetisov at the Moscow
Institute of Radioelectronics and Automation. We will
also continue a strong collaboration with the group of

Professor Burkard Hillebrands, University of

Kaiserslautern, Germany.

Industrial collaborations include Dr. J. Douglas
Adam at Northrop Grumman Corporation, Baltimore,
Maryland, Mr. Elwood Hoakenson at TransTech,
Adamstown, Maryland, Drs. Somnath and Louise
Sengupta, Paratek Corporation, Columbia, Maryland,
and Dr. William Capogeannis, President, OmniYIG,
Inc., Santa Clara, California. It is anticipated that
during the course of the renewal program, it will be
possible to establish significant collaborations with
OmniYIG, Inc., for the production of prototype YIG
film soliton devices and ferromagnetic metallic film
filter devices.

PUBLICATIONS AND PRESENTATIONS

a. Publications:

1. “Observation of self-generation of dark envelope
solitons for spin waves in ferromagnetic films,” B.
A. Kalinikos, N. G. Kovshikov, and C. E. Patton,
Pis’ma Zh. Eksp. Teor. Fiz. 68, 229-233 (1998)
[JETP Lett. 68, 243-247 (1998)].
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15. “Brillouin light scattering observation of the
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“Time domain MOKE detection of spin wave
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switching in ferrite films,” M. Bauer, R. Lopusnik,
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Mat., in press (2001).
“Brillouin light scattering analysis of ultra short
microwave pulse formation processes in yttrium
iron garnet films,” C. Mathieu, V. T. Synogach,
and C. E. Patton, J. Mag. Soc. Japan, in press
(2001).

“General spin wave instability theory,” A. V.

Nazarov, R. G. Cox, and C. E. Patton, IEEE Trans.
Magnetics, submitted (2000).
“Self-generation of bright microwave magnetic
envelope soliton trains in ferrite films through
frequency filtering,” M. M. Scott, B. A. Kalinikos,
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(2001).
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Undergraduate degrees: 3

Apprentice students (Germany) 2

Reinhold Staudinger (Regensburg Technical
Hochschule)
Stephan Kestl (Regensburg Technical Hochschule)

Graduate students: 5

Mark Scott (Ph.D. Candidate, degree expected May
2002)

Richard Cox (Ph.D. Candidate, degree expected May
2002)

Alexey Nazarov (Ph.D. Candidate, degree expected
May 2002)

Byron Faber (M. S. degree, presently at Techtronics)

Sangita Kalarickal (Graduate student)

Anthony Gorges (Graduate student)

Master of Science degrees: 5
Ph.D. degrees granted: 0
Ph.D. degrees pending: 3




Postdoctoral fellows: 8

Dr. Hua Xia
(presently at Mechanical Technology, Inc., Albany,
NY)

Dr. Hong-Yan Zhang
(presently in the Department of Chemistry, CSU)

Dr. Valeri Synogach
(presently at IBM Almaden Research Center, San Jose,
CA)

Dr. Christoph Mathieu
(presently at Seagate, Inc., Rochester, MN)

Dr. Michael Wittenauer
(presently at Wittenauer Research, Fort Collins, CO)

Dr. Anuj Srivastava
(presently at Renaissance Electronics, Inc., Harvard,
MA)

Dr. Pieder Beeli
(presently at University of Houston, TX)

Dr. David Menard
(presently at Seagate, Inc., Rochester, MN)

Visiting scientists: 8

Dr. Pavel Kabos
(presently at NIST, Boulder, CO)

Professor Yuri Fetisov
(presently at MIREA, Moscow, Russia)

Professor Boris Kalinikos
(presently at St. Petersburg Electrotechnical University,
St. Petersburg, Russia)

Dr. Nikolai Kovshikov
(presently at St. Petersburg Electrotechnical University,
St. Petersburg, Russia)

Dr. Pavel Kolodin
(presently at Channel Microwave Corporation,
Camarillo, CA)

Dr. Alex Kindyak
(presently at Minsk Institute of Radio Materials, Minsk,
Belarus)

Dr. Mirek Marysko
(presently at the Czech Academy of Sciences, Prague,
Czech Republic)

Dr. Vladimir Kambersky
(presently at the Czech Academy of Sciences, Prague,
Czech Republic)




