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The rare earth metals have the largest known magnetostrictions, © that their magnetic
properties and structural properties are strongly coupled. This coupling is ideally suited
for investigation with thin films, in which single crystal films of high quality can be
prepared on substrates which cause their lattice parameters to differ from bulk values
(strain) and which constrain the strictions which may occur (clamping). The present
research describes a new MBE growth procedure to grow single crystal thin films and

superlattices of rare earths with the hcp (1100) b-axis normal to the growth plane. To

explore the role of strain, clamping and symmetry-breaking in modifying the magnetic
ordering temperatures, ultrathin films of strained Dy have been prepared between

Y, Lu,_, alloy buffer layers, so that strain can be tuned from compressive (x=0) to tensile

(x=1) and chosen values in between. The magnetic ordering temperatures, critical fields,
and magnetization behavior vary systematically with strain. This behavior is interpreted

in terms of fundamental magnetoelastic interactions and shape anisotropy.



Dedication

To my family. Because of their constant support | always believed | could overcome all

obstacles, to become in life whatever | wanted to become.



Acknowledgements

I would like to thank my advisor, Prof. C. P. Flynn, who had the clever thought that
b-axis-oriented Dy could be interesting and without whose support and help this thesis
work would not have been possible.

| also wish to thank Michael Huth, who unhesistatingly and patiently helped me
learn in the course of just a few months almost everything | now know about magnetism.

I am enormously indebted to Kelvin Lynn. In addition to his constant support and
showing me the ropes of scientific research, he rescued me from high energy physics,
showed me how much fun solid state physics could be, gave me a job whenever | needed
one, and never ceased reminding me that the best part of research involves friendly
collaboration. I also thank Richard Ward and Bill Butler, my first research advisors, for a
wonderful first exposure to research at Oak Ridge.

Finally, I’ve come this far because of an outstanding undergraduate experience at
Sonoma State University. This is entirely due to the dedicated professors there, including
Joe Tenn, Duncan Poland, Gordon Spear, Sam Greene, Saied Rahimi, Lynn Cominsky, Rick
Luttmann and Clem Falbo. And | miss solving tough physics problems with lad Mirshad.

Scientific research is enjoyable in large part because it presents opportuntities for
groups of people to work together on challenging problems. | have been fortunate to have
worked with so many terrific people over the years. 1 won’t soon forget those from my first
group: Dr. Wu, Peter Dull, Yuan Kong, Ernesto Gramsch, Lie-Ping Chan, T.C. Leung,
Vinita Ghosh, Dave Welch, Jane Throwe, Ravinder Khatri, Piero Sferlazzo, Mike Carroll,
Don Becker, James Hurst, Eileen Morello, and Marilyn McKeown. Nor some friendly
people in Amherst, including Steve Churchill, Beth Norton, and Barry Holstein (one of the
finest scientific writers | know). And especially Gustavo Burdmann, for introducing me to

“la yerba de los gauchos.” Nor those I've worked with in Illinois: B.J. Park, Kenny



“Fatman” Patterson, Andrei Botchkarev, Boris Sverdlov, Curtis Durfee, Michael Conover,
Kevin O’Donovan, Curt Benson, Kevin Whiteaker, Don Walko, Dave Fanning, Joe van
Nostrand, Joe Dura, Toni Matheny, Sailaja Yadavalli, Scott Bonham, Dave Peterson, Ron
Zamir, Young Lee, Randy Appleton, Brian Wiemeyer, and Ming Hong Yang; and from the
MRL: Ginny Metze, Elena Pourmal, Brian Rogers, Carol Sarver, and Roxanne, Ramona,
Bill, Greg, Mary Kay, Susan, Myron Salamon and Laura Greene. And from Sgt. Major W.
Thrasher (USMC, ret.) | learned as much about materials processing as high standards of
physical fitness. I'd especially like to thank lan Robinson for friendly advice and
encouragement regarding fundamental questions of considerable importance (fqci). And |
never would have made it without the help, friendship (and advice about life on farms and
in the Midwest) from Doug Jeffers and Tony Banks.

A real highpoint of my experience in Champaign has been making so many German
friends: Egbert, Katrin, and Gérard Heinze, Bernd Reichelt, Arnd Kaldowski, Claus
Heinen, as well as Katharina Theis-Broéhl and Thomas Theis and family. And especially
Dagmar Rothausky (“Der Ball ist fahig, aufgeschlagen zu werden!”) and Marc Lambru
(“We’re caving!”). I only hope everyone in Germany is as friendly as these folks!

I will always have fond memories of many heated philosophical discusions with my
good friend Taras, | thank Farooq for his friendship and introducing me to recreational
flying, and | am grateful to Ramon *“Segovia” Penalver, for teaching me classical guitar.

And best of all, | can’t imagine life in Champaign without Hendrick House and all
the terrific students and staff there, especially my friends Janet Browfield (and Gary,
Glenda, and Bill) and John Raines, but also the whole “gang”: Andrei, Igor (and Sasha and
Sasha), Mr. and Mrs. Fang, John Crawford, Christy, Sue and John Dawson, Chris Cooper,
Tim Healey, Virginia, Sergio, “Satch” and Clayton. And although I only got to know her
my final year there, of course Betsy! | only wish | discovered life outside the kitchen much
sooner!

This work was supported by the National Science Foundation NSF-DMR-9424339
and by the Department of Energy under contract DEFG02-96ER45439.

Vi



Table of Contents

Chapter One INtrodUCTION .........oocviiiiiiiiii e 1
1.1 OVEBIVIBW ...ttt bt r e r et nn et nn e 1
1.2 Local Moments and Rare Earth MagnetiSm..........cccooeiiiiiiiiniiieeee e 5
1.3 Terms in the Magnetoelastic Hamiltonian ............ccoccooeiieiiiienene e 6
I D )Y 2] o] (1] 11 o o USSR 21
1.5 Magnetic Domains and Intrinsic Coercive Fields............ccccovviviiiiniecie e 29
1.6 Magnetic Relaxation PRENOMENA ..........ccociiiiiiiiiee e 31
RETEIEINCES ...ttt b bbbt n e 34

Chapter Two Experimental Techniques..........ccccccieiiiiiiiii e, 40
2.1 OVEIVIBW. ...tttk b bt bbbt b et s et bbbt bt b et e e e 40
2.2 ThIN FIIM GrOWEN.....coooii s 40
2.3 Surface CharaCteriZation ............cooeiiiiiiieiiee e 43
2.4 BUIK CharaCteriZatioN..........ccoiiiiiiiiiieieiee et 48
2.5 Measurement of MagnetiC PrOPEItIES. . ... 56
RETEIEINCES ...ttt bt 59

Chapter Three Growth of b-axis-oriented Rare Earths..............ccccccveeee. 62
3L OVEIVIBW. ...tttk b bbb bbbt b bbbt bt bt nnen s 62
3.2 M-plane Sapphire SUDSIIAES .........c.cciiiiiiee e 68
BB TANTAIUM .ot 72
Bud THEANTUI L.ttt bbbt bt bbbt et e b et b bt b et e et e ne e e 79
3.5 Titanium/Zirconium Composition-Graded EPitaXy.........cccoceverinnienneiienieenieseennean, 83
3.8 ZITCONIUIM...etitee ekttt bt b bbbt b bt b b et s e b bttt nn e 87
BT RAIE EAITNS ... 88
RETEIEINCES ... b bbbt e bbbt b et e et nes 95

vii



Chapter Four Magnetic Properties: Experimental Results..................... 100

4.1 OVEIVIBW.....oeiiiieeite ittt ettt bbb bttt b bbbt b e bt s e s et et e b e st s bt b e bt e ne e e e s 100
4.2 Temperature Dependence of Magnetization............c.ccoovveieienenine s 101
4.3 Field Dependence of Magnetization...........cccoieiiiiiie s 105
4.4 Spontaneous Ferromagnetic TranSIitioN..........ccccovviviie e s 108
4.5 Field-Induced Ferromagnetic TranSitioN .........cccoovveiinininieenesese s 110
4.6 MAGNETIC ANISOIIOPY ...ttt ettt bbbttt n e 111
4.7 ParamagneliSIM ... ..ccoiiiii ettt et e et e e be e e e e e b e e e e nbaeanre s 116
4.8 COBICIVE FIEI. ... 117
4.9 Hysteresis Loops of Previously Unmagnetized Samples ..........cccocoivvvniiiiiienenn 119
4.10 Magnetic Relaxation MeasUIrEMENTS.........cccooiiiiiiiriiiseeeee e 119
4.11 Summary of MagnetiC ProPertieS.......cccooiviiiiiiieiie e 124
RETEIENCES ...ttt 125
Chapter Five Magnetic Properties: DISCUSSION ..........cccceeeeeeeeiiiiiiiiicnnnn, 127
5.1 OVEBIVIBW ...tttk b bbb bbbttt ekttt b e b st benn e anis 127
IV Y F= o g 1= L Tol AN T Y01 1 0] o ) 2SS 127
5.3 Strain Dependence of Ferromagnetic Ordering, Tc.....ccoovvererineienenieniseeeeeeees 132
5.4 Expected MagnetOStIICTION. .......cueiiiiieieiie ettt 141
5.5 The Critical FIeld, He....oovoiiiiiee e 143
5.6 Domain Walls and Domain Wall PiNNINgG..........cccociiiiiiiciicc e 144
5.7 NEEI TEMPEIATUIE ...ttt sttt st e be e anas 147
5.8 The Possible Occurence of Quantum TunNNeling.........ccooceiiiriiiinienee e 149
IR 10 11010 0= 1 YRS PPR 151
RETEIENCES ...t 152
Chapter Six Modeling the Magnetization Process..........cccccccccevvvvvnnnennn. 156
8.1 OVEIVIBW.....eiititieeiest etttk b et bbbt b bbb et nenr e anis 156

viii



6.2 Brief Review of Magnetization MOdelS...........cccoeiiiiiiiiiiii e 157

6.3 ENEIgY LANUSCAPES. ... cciviiiiitieiteeie sttt ettt st sbe et e e ste et e araesbeesteeneesreeneenes 159
6.4 Thermal EQUIlIDrium MOdEL ..o e 163
6.5 Thermal Activation MOEl ..o e 166
5.6 SUIMIMIBIY ...ttt ettt ettt e ekt e b e e e hb e e bt e s hn e e be e sbb e et e e eabeebeesnneannee e 178
RETEIEINCES ...ttt bttt e bt et ae et et e ne e b e 179
F AN o] 01=T 0 Lo 1 ) GO 181
RV | - OO 195



