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ABSTRACT 

--The temperature-dependence of the ferromagnetic anti- 
,& 
resonant (FMAR) transmission of 24 GHz microwaves through 

polycrystalline and single crystal nickel samples has been 

studied. Between 300K and 637K measurements of trafimission 

amplitude vs. magnetic field can be described by the usual 

equation of motion for the magnetization using a Landau- 

8 -1 .Q 

Lifshitz damping parameter of 2.45 2 .1 x 10 sec and a 

g-factor of 2.187 + .005, 'both temperature independent. 
* 

Meausrements of the maximum transmission amplitude at 

FMAR vs. temperature were obtained between 120K and 637K. 

These measurements confirmed the temperature independence of 

the damping above 300K and indicated a rapid increase in the 

damping below 200K. This 'increase in the damping is in agree- 

ment with the results Bhagat and Hirst (1966) obtained from 

ferromagnetic resonance absorption measurements. 

The FMAR transmission signal was too small to be observed 

below 45 + 5 K .  A second transmissi on peak at an applied field 

corresponding to ferromagnetic resonance developed at 

temperatures less than 40K. The origin of this new transmission 

peak is not ciear. 
\ 

L. 
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f NTRODUCT I ON 

-3 
, 

The physics conm;nity has exerted a great deal of effort 

on the study of the radio frequency properties of magnetic 

materials sin;e Griffiths (1946) first demonstrated that a 

magnetic field influenced the surfac'e impedance of nickel. 

J 
A The rnjcrowave absorption maxima Griffiths observed became 

J 

known as ferromagnetic resonance (FMR). From the surface 
z+ I. 

I ,  + . impedance - extracved from fe;romagnet it resonance ;x$riments 
. u , . 

one could obtain information about the magnet isition, g- factor, 
1 

magnetic anisotropy, magnetic damping, exchange, and the . . 
surface pinning of a ferromagnetic metal (MacDonald 1951, 

Ament and Rado 1955, Rado and Weertman 1959). In practice, 

the shape df the mignetic field dependent surface impad'anrr 
I 

. . 
near ~ ~ R m p e n d s  in a very. complex manner on all the above 

parameters, making it difficult to disentangle effects due 

to magnetic damping from effects due to exchange and surface 

pinning. 

Heinrich and Meschyerakm'(1969, 1970) shoved that 

permalloy exhibited a peak in the transmitted microwave signal 

at an applied magnetic field which corresponded to a minimum 

in the radio frequency perneability (real part of IIRF = 0). 
' d  

This phenomenon is k n w n  as ferro~agnetic antiresonant (FMAR) 

transmission. The enhanced transmission at FMAR of a ferro- 

magnetic metal was predicted by Kaganov (1959) and is related - 
-1 . , 

to the microwave transmission maxima discovered earlier in 



- 2 -  

gadolinium by Lewis et al.' (1966). 

This FMAR transmission p ak arises becausethe permeabil- -/' 6 
ity modulates the skin depth of the microwave radiation within 

the magnetic metal1. Depending onthe metal, the permeability 

can increase the decay length of the-radiation'by a factor of 

from five to ten. Since the transmitted signal depends exponen- - 
tially on the inverse decay length, the transmitted signal 

can vary by orders of magnitude as the magnetic field iS 

swept through FMAR. Typical examples of FMAR transmission 

through nickel are illustrated in Figs. 1.1 and 1.2. 

Heinrich and Mescheryakov have shown that the magnetic 

field dependence of the transmission of radiation through 

ferromagnetic metals can be used to obtain the g-factor, 

saturation magnetization, and damping uhcomplicated by 

effects due to exchange and surface pinning. Thus the FMAR 

transmission technique is more attractive than the FMR 

absorption technique for determining these material 

parameters. Further, FMAR transmission is acbulk phenomenon; 7 
it is insensitive to surface pinning and -the RF radiathn \ 

J 

probes the total thickness of the sample. This differs from 

FMR for which the shape and position of the FMR absorption 

line are dependent upon the degree of surface pinning, and 
0 

for which only a layer approximately 100 A thick is probed by 

24 CHz radiation. F M R  measurements are, therefore, far 
@ 

less sensitive to the condition of the sample surfaces than 

'of course, the permeability also plays a role in determining 
how much radiation is reflected and transmitted at the 
surface of the metal. 



Fig. 1.1: Transmission amplitude vs. applied magnetic field 

for a polycrystalline specinn. The magnetic field was 

parallel to the plane of the disc shaped sample. The 

temperature was 224•‹C. The calculated transmission (solid 

line) is normalized to the experimental peak amplitude 

(points). Parameters w e d  for the calculated transmission 

are: R.P. frequency = 23.825 GHz, g = 2.187, Yo = 377 Gauss, 

resistivity = 17.82 x loe6 P-cm, thickness = 19.12 pm, and 





F i g .  1 . 2 :  ~ ~ a n s r n i s s i ;  a m p l i t u d e  v s .  a p p l i e d  magne t i c  f i e l d  

f o r  t h e  same p o l y c r y s t a l l i n e  sample  a s  i n  F i g .  1.1 b u t  

w i t h  t h e  a p p l i e d  f i e l d  normal t o  t h e  p l a n e p f  t h e  sample .  

P a r a m e t e r s  used  f o r  t h e  c a l c u l a t i o n  ( s o l i d  l i n e )  a r e :  

R.F. f r e q u e n c y  = 23.825 GHz, g = 2 .187 ,  Mo = 377 Gauss,  

r e s i s t i v i t y  = 17.82 x n-cm, t h i c k n e s s  = 19 .12  pa, 

' 8  - and A = 2 . 4 5  x 1 0  s e c  The d a t a  ( p o i n t s )  were o b t a i n e d  

a t  2 2 4 O C .  .. 





FMR m e a s u r e m e n t s  a n d  t h i s  m i n i m i z e s  p r o b l e m s  a s s o c i a t e d  w i t h  

t h e  p r e p a r a t i o n  o f  r e p r o d u c i b l y  c l e a n ,  s m o o t h  s u r f a c e s .  

Most o f  t h i s  t h e s i s  c o n c e r n s  t h e  s t u d y  o f  t h e  R .F .  

m a g n e t i c  p r o p e r t i e s  o f  n i c k e l  u s i n g  t h e  FMAR t r a n s m i s s i o n  

t e c h n i q u e .  The t y p e  o f  d a t a  a v a i l a b l e  f r o m  e x p e r i m e n t  i s  

e x e m p l i f i e d  by F i g s .  1 .1  a n d  1 . 2 .  The c a l c u l a t e d  c u r v e s  

w e r e  f i t t e d  t o  t h e  two s e t s  o f  d a t a  u s i n g  o n l y  f o u r  p a r a m e t e r s :  

two l i n e  p o s i t i o n s  ( g - f a c t o r  a n d  m a g n e t i z a t i o n )  a n d  two l i n e -  

x i d t h s  ( d a m p i n g )  2 .  The c l o s e  a g r e e m e n t  b e t w e e n  t h e  d a t a  

a n d  c a l c u l a t i o n  d e m o n s t r a t e  t h e  c o n f i d e n c e  o n e  c a n  p l a c e  i n  

t h i s  me thod  f o r  d e t e r m i n i n g  m a t e r i a l  p a r a m e t e r s .  

The m o t i v a t i o n  b e h i n d  u s i n g  t h e  mic rowave  t r a n s m i s s i o n  

t e c h n i q u e  t o  s t u d y  n i c k e l  was t w o - f o l d .  F i r s t ,  p r e v i o u s  

FMR m e a s u r e m e n t s  made by B h a g a t  a n d  C h i c h l i s  ( 1 9 6 9 )  h a d  i n d i -  

c a t e d  t h a t  t h e  h i g h  t e m p e r a t u r e  m a g n e t i c  damping  f o r  n i c k e l ,  

i . e .  t h e  damping  f o r  t e m p e r a t u r e s  o f  t h e  o r d e r  o f  t h e  C u r i e  

t e m p e r a t u r e  o f  3 5 ' " C ,  was h a l f  t h e  room t e m p e r a t u r e  v a l u e .  

A l s o ,  t h e  g - f a c t o r  d i s p l a y e d  a  s l i g h t  t e m p e r a t u r C  d e p e n d e n c e .  

B o t h  t h e s e  r e s u l t s  w e r e  i n  d i s a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  

FHR e x p e r i m e n t s  p e r f o r m e d  e a r l i e r  by  R o d b e l l  ( 1 9 6 5 ) .  R o d b e l l  

h a d  r e p o r t e d  t h a t  b o t h  t h e  m a g n e t i c  damping  a n d  g - f a c t o r  f o r  

n i c k e l  w e r e  t e m p e r a t u r e  i n d e p e n d e n t  o v e r  t h e  r a n g e  - 1 2 0 • ‹ C  t o  

360• ‹C .  h i o r e o v e r ,  B h a g a t  a n d  R o t h s t e i n  ( 1 9 7 1 )  s u g g e s t e d  t h a t  t h e  

u s u a l  p h e n o m e n o l o g i c a l  a p p r o a c h  t o  d e s c r i b i n g  t h e  d y n a m i c  

'The damping p a r a m e t e r  u s e d  i n  t h e  c a l c u l a t i o n s  shown i n  
F i g s .  1.1 a n d  1 . 2  x e r e  n o t  c o n s t r a i n e d  t o  b e  e q u a l .  
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r e s p o n s e  o f  t h e  m a g n e t i z a t i o n  ( s e e  C h a p t e r  2 )  was i n c a p a b l e  

o f  d e s c r i b i n g  FhlR a b s o r p t i o n  m e a s u r e m e n t s  on n i c k e l  a t  t e m -  

p e r a t u r e s  n e a r  t h e  C u r i e  t e m p e r a t u r e .  S i n c e  t h e  m a g n e t i c  

damping  i n  n i c k e l  i s  more  t h a n  t w i c e  a s  l a r g e  a s  f o r  t h e  

o t h e r  f e r r o m a g n e t i c  3 - d  t r a n s i t i o n  m e t a l s ,  a n d  t h e  m i c r o s c o p i c  

o r i g i n  o f  damping  i n  n i c k e l  f o r  t h i s  t e m p e r a t u r e  r a n g e  i s  n o t  

c l e a r l y  u n d e r s t o o d ,  a  r e - e x a m i n a t i o n  o f  n i c k e l ' s  R . F .  m a g n e t i c  

p r o p e r t i e s  u s i n g  t h e  FbFAR t r a n s m i s s i o n  t e c h n i q u e  was i n  o r d e r .  

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  d e s c r i b e d  i n  C h a p t e r  4 ,  

i n d i c a t e  t h a t  b o t h  t h e  m a g n e t i c  damping  a n d  g - f a c t o r  f o r  

n i c k e l  w e r e  t e m p e r a t u r e  i n d e p e n d e n t '  b e t w e e n  room t e m p e r a t u r e  

a n d  364•‹C.  

S e c o n d ,  B h a g a t  a n d  Hi r s t  ( 1 9 6 6 )  d i s c o v e r e d  t h a t  n i c k e l ' s  

FYR a b s o r p t i o n  l i n e w i d t h  r a p i d l y  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  

was d e c r e a s e d  b e l o w  room t e m p e r a t u r e .  The i n t e r p r e t a t i o n  o f  

t h i s  o b s e r v a t i o n  i s  c o m p l i c a t e d  by t h e  r o l e  t h e  c o n d u c t i v i t y  

p l a y s  i n  d e t e r m i n i n g  t h e  FMR a b s o r p t i o n  l i n e w i t h .  I n  o r d e r  t o  

a n a l y z e  t h e i r  d a t a ,  B h a g a t  a n d  H i r e s t  c a l c u l a t e d  . t ! e  s u r f a c e  

i m p e d a n c e  o f  n i c k e l  i n  t h e  a n o m a l o u s  s k i n  e f f e c t  r e g i m e ,  i . e .  

i n  t h e  r e g i m e  i n  w h i c h  t h e  mean f r e e  p a t h  o f  t h e  c o n d u c t i o n  

e l e c t r o n s  i s  l o n g e r  t h a n  t h e  c h a r a c t e r i s t i c  w a v e l e n g t h  o f  t h e  

R . F .  r a d i a t i o n  i n  t h e  m e t a l .  The r e s u l t s  o b t a i n e d  u s i n g  t h e  

n o n - l o c a l  c o n d u c t i v i t y  a p p r o p r i a t e  t o  t h e  a n o m a l o u s  s k i n  e f f e c t  

r e g i m e  showed t h a t  t h e  damping  p a r a m e t e r  f o r  n i c k e l  a t  

t e m p e r a t u r e s  l e s s  t h a n  50K was s i x  times l a r g e r  t h a n  t h e  

room t e m p e r a t u r e  v a l u e .  The t e m p e r a t u r e  r a n g e  o v e r  w h i c h  t h e  

damping  i n c r e a s e d  t o  t h e  low t e m p e r a t u r e  v a l u e  c o i n c i d e d  w i t h  



t h e  o n s e t  o f  t h e  a n o m a l o u s  s k i n  e f f e c t  r e g i m e .  The FMAR 
* 

- t r a n s m i s s i o n  m e a s u r e m e n t s  d e s c r i b e d  i n  C h a p t e r  5 w e r e  

u n d e r t a k e n  i n  o r d e r  t o  r emove  a n y  d o u b t  t h a t  t h e  i n c r e a s e d  low 

t e m p e r a t u r e  damping  was n o t  a n  a r t i f a c t  o f  t h e  a n o m a l o u s  s k i n  

e f f e c t  r e g i m e .  The w a v e l e n g t h  o f  t h e  R . F .  r a d i a t i o n  i n  a  

f e r r o m a g n e t i c  m e t a l  i s  much l o n g e r  a t   than than a t  FMR a n d ,  

h e n c e ,  t h e  a n o m a l o u s  s k i n  e f f e c t  s e t s  i n  a t  a  l o w e r  t e m p e r a t u r e  

f o r  t h e  FbUR m e a s u r e m e n t .  Thus  t h e  i n t e r p r e t a t i o n  o f  t h e  FMAR 

t r a n s m i s s i o n  m e a s u r e m e n t  i s  n o t  c o m p l i c a t e d  by e f f e c t s  d u e  t o  

a  n o n - l o c a l  c o n d u c t i v i t y  o v e r  t h e  t e m p e r a t u r e  r a n g e  i n  w h i c h  

B h a g a t - a n d  H i r e s t  r e p o r t e d  t h e  m a g n e t i c  d a m p i n g  t o  r a p i d l y  

i n c r e a s e .  The r e s u l t s  o f  t h e  FMAR m e a s u r e m e n t s ,  d e s c r i b e d  i n  

d e t a i l  i n  C h a p t e r  5 ,  do  i n d e e d  c o n f i r m  t h i s  r a p i d  i n c r e a s e  o f  

t h e  m a g n e t i c  d a m p i n g .  

A new p e a k  was o b s e r v e d  i n  t h e  m a g n e t i c . f i e l d  d e p e n d e n t  

t r a n s m i s s i o n  o f  m i c r o w a v e s  t h r o u g h  n i c k e l .  T h i s  p e a k  o c c u r r e d  

a t  a  m a g n e t i c  f i e l d  c o r r e s p o n d i n g  t o  FblR a n d  was mos t  p r o -  

n o u n c e d  a t  t e m p e r a t u r e s  b e l o w  2 0 K .  The n a t u r e  o f  t h i s  p e a k  i s  

n o t  c l e a r  a n d  f u r t h e r  e x p e r i m e n t s  b e y o n d  t h e  s c o p e  o f  t h i s  

t h e s i s  a r e  n e c e s s a r y  t o  e l u c i d a t e  t h e  o r i g i n  o f  t h i s  t r a n s -  

m i s s i o n  p e a k .  . 
The r e m a i n d e r  o f  t h i s  t h e s i s  i s  o r g a n i z e d  a s  f o l l o w s .  

I n  C h a p t e r  2 t h e  t r a n s m i s s i o n  c a l c u l a t i o n  i s  d e s c r i b e d .  The 

r e l e v a n t  m a t e r i a l  p a r a m e t e r s  a r e  i n t r o d u c e d ,  t h r e e  p o s s i b l e  

p h e n o m e n o l o g i c a l  s t a t e m e n t s  o f  t h e  e q u a t i o n  o f  m o t i o n  f o r  t h e  

m a g n e t i z a t i o n  a r e  d e v e l o p e d ,  a n d  M a x w e l l ' s  e q u a t i o n s  a r e  



s o l v e d  t o  f i n d  t h e  t r a n s m i t t e d  microwave f i e l d  f o r  two 

s p e c i f i c  c a s e s  a p p r o p r i a t e  t o  t h e  e x p e r i m e n t .  The c h a p t e r  

e n d s  w i t h  s e v e r a l  example  c a l c u l a t i o n s  which  i l l u s t r a t e  t h e  

i n f o r m a t i o n _ q n e  c a n  o b t a i n  f rom microwave t r a n s m i s s i o n  

m e a s u r e m e n t s .  

C h a p t e r  3 d e a l s  w i t h  t h e  e x p e r i m e n t a l  a p p a r a t u s  u s e d  t o  

t a k e  t h e  m e a s u r e m e n t s .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  m i c r o -  

wave c a v i t i e s  u s e d - i n  t h e  v a r i o u s  t e m p e r a t u r e  r a n g e s  c o v e r e d  

i n  the e x p e r i m e n t s  i s  p r e s e n t e d  a l o n g  w i t h  a  s h o r t  d e s c r i p t i o n  

o f  t h e  microwave c i r c u i t  and  magnet  s y s t e m .  

C h a p t e r  4 and  C h a p t e r  5 c o n t a i n  t h e  d e s c r i p t i o n s  a n d  

r e s u l t s  o f  t h e  h i g h  t e m p e r a t u r e  and  low t e m p e r a t u r e  measurements ,  

r e s p e c t i v e l y .  The s u b s t a n c e  o f  t h e s e  c h a p t e r s  h a s  b e e n  s t a t e d  

a b o v e .  

C h a p t e r  6 c o n c l u d e s  t h e  t h e s i s  w i t h  a  summary o f  t h e  m a j o r  

r e s u l t s  and  c o n c l u s i o n s  wh ich  c a n  be  drawn f rom them.  F i n a l l y ,  

some f o l l o w - u p  e x p e r i m e n t s  p e r t a i n i n g  t o  t h e  new t r a n s m i s s i o n  
- .  

P 

peak  a r e  s u g g e s t e d .  
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CHAPTER 2 

TR.i\NSMISSION CALCULATION 

The calculation of the outcome of a microwave transmission 

experiment breaks naturally into two parts. First, one must 

describe the relevant proper tie,^ of the material being studied. 

For our purposes these are the properties which enter 

Maxwell's equations through the constitutive relations, namely 

the conductivity, the dielectric constant, and the permeability. 

Second, one must solve a boundary value problem. Tn this 

problem microwaves are incident on one side of a slab of 

material and one determines the amplitude and phase of the 

microwave signal emerging from the other side of the slab. 

This chapter is organized as follows. Brief discussions 

of the conductivity and dielectric constant are followed by 

an extensive description of the permeability as a function of 

applied magnetic field. A simp1 ified expresion for the 

permeability, combined with Maxwell's equations, is used to 

solve the boundary value p r o p e m  in two particular but 

important cases. .A more complete expression for the permea- 

bility is given in Appendix I I .  Finally, a series of plots of 
/ 

transmitted signal vs. appliea magnetic field is presented 
\ 

which show how sensitive these plots are to the material 
7 

parameters used in the calculation. This illustrates how ' 
material properties can be accurately determined by comparing 

d 

the calculations with the experimental data. 



2.1 Conductivity 

The conductivity enters into the calculation outlined 

here through Ohm's Law. 

-? 
Here , u, and are the current density, conductivity, and 

electric field, respectively. The conductivity appropriate 

to our experiments is ordinarily ,the d.c. conductivity. (It 

is not appropriate to use the simple d.c.-conductivity if 

the electron mean free path is longer than the skin depth. 

This case is discussed in Chapter 5.) The microwave electric 

fields appear static to the electrons in the metal because 

-14 their collision time (=: 10 sec, Mott and Jones 1936) is 

much shorter than the microuave period ( z  10-'~sec). 

- 6 Additionally, the electron mean free path ( ~ 1 0  cm, Mott and 

- 4 Jones 1936) is short in comparison to the skin depth ( 10 cm). 

Thus the microwave electric fields appear constant in time and 

space throughout the lifetime of a given electron state. 

Moreover, magnetoresistive effects are small (Potter 1931, 

Marcus and Langenberg 1963). Under these conditions the .. 
simple d.c. conductivity used in Equation (2.1) yields an 

adequate description of the electron response to the 

microwave electric field. 

A note of caution is in order here. The microwave signal 

inside a ferromagnetic metal includes a part which is es- 

sentially a driven spin wave. This spin wave can be 



2 characterized by a decay length 10 times shorter than the 

skin depth for the electromagnetic wave, i.e. the spin wave 

decays in a length comparable to the electron mean free path. 
< 

In this case the d.c. conductivity is not appropriate and Ohm's 

L ~ K  is invalid. Fortunately, these spin waves have very little 

effect on transmission at FMAR. (See Cochran et al. 1 9 7 7 ( a ) . )  

Further discussion of this point is postponed until Chapter 5. 

2.2 Dielectric Constant 

The dielectric constant, E ,  enters into the calculation in 

the familiar Maxxell equation, 

U s i n g  Ohm's Lax, Equation 1 2 . 1 ) ,  and alloxing the electromag- 

netic fields to have the time and frequency dependence exp(iot), 

Equation ( 2 . 2 )  becones : 

1 - - 1 11 - 1  
Typicall?,, 7 = 10 sec and - = 10 sec . The dielectric 

constant is a number of the order of unity and, hence, the term 

7 containing E in Equation (2.3) is ~ 1 0  times smaller than the 

term containing the conductivity. This means that the displace- 

ment current is much smaller than the conduction current 

over the frequency range of interest here. Therefore, 

the term containing the dielectric constant can be ignored. 



2.3 Permeability 

The microwave properties of interest in ferromagnetic 
-3 

metals manifest themselves in the radio frequency permeability 

or, equivalently, in the radio frequency susceptibility. 

Essenti.ally, the permeability includes in ~ ~ x w e l l  'S equations 

the effects of the response of the magnetization to the 

electromagnetic radiation in the metal. 

Consider - a unit volume of magnetic material of 
-+ + 

magnetization M in an external magnetic field H. This magnetic 
+ 

field exerts a torque L ,  where 

+ -+ -+ 
L = M x H  

-f 

on the angular momentum J of the magnetic carriers. The 

magnetization is related to the angular momentum by 

where y = /ge/?mcl is the rnaghetomech+anical ratio. Here e,m, 

and g are the electronic charge, mass, and spectroscopic 

splitting factor1. Using the usual relation between torque 

and angular momentum, 

The name "spectroscopic splitting factor" is reserved for 
the g-factor appropriate to an electromagnetic experiment. 
The g-factor found in a mechanical experiment is called the 
"magnetomechanical factor". For a discussion of the 
difference between these two g-factors. see Kittel (1949) .  

# 



as well as Equations (2.4) and (2.5), one obtain; the following 
I 

equation of motion for the magnetization: 
I 

This results in the familiar precession of the magnetization 

about the applied magnetic field, Fig. 2.1. Note, however, 

that the case considered here is unlike the situation one 

considers in nuclear magnetic resonance where each spin 

precesses independently of all the others in one'of a few 

quantized d a t e s .  Here the exchange interaction locks the 

spins of the individual electrons together a d the magnetiza- 

tion, characterized by a quantum number 1-0" precesse's 

about the external field. This justifies the classical 
8- 

description employed throughout this discussion. I 

Y 

Equation (2.7) is not complete because there is no means 

for the magnetization to reach its lowest energy configuration 
+ + \ 

with !4 i /  H. In magnetic metals the magnetization attains its 

equilibrium direction ver? quickly ( 5  10-'sec). The dbtailed. 

description of the relaxation of the magnetization to .its 

equilibrium direction should be based on a microscopic theory 

which includes a mechanism whereby individual spins flip 

and give up magnetic energy to the lattice. No such colaplete 

theory exists for the materials we are interested in. A 

possible microscopic mechanism which may account for part of 

the magnetic relaxation in nickel is described by ~ a d b e r s k ~  

( 1 9 7 0 )  and by Korenman and Prange (1972). This mechanism is 



F i g .  2 . 1 :  Vector quantities entering Equations ( 2 . 6 )  and 



discussed further in Chapter 5. 

, In the absence of a detailed description of the magnetic 

relaxation, phomenological damping terms were added to 
. r 

Equation (2.7). The first such damping term to be considered 

was introduced by Landau and Lifshitz in 1935. They proposed 
. - 

the following form of the damping: 

In this term Yo is the'magnitude of the saturation magnetiza- 

tion and 1 is a phenomenological constant with dimensions of 
-+ -t 

sec-l. ~ i l b e r f  (1955) modified,this term by replacing M x H 
-+ 

with dY/dt. The damping term then becomes 

where G is the phenomenological damping constant. This form 

of damping causes the magnetization to relax toward its 

instantaneous equilibrium directiqn whereas the Landau- 

Lifshitz damping term causes the magnetization to relax towards 
-t 

the final equilibrium direction obtained when dM/dt = 0. 
+ -+ -+ 

For spa11 damping Y x H and dM/dt are very nearly in the same 

direction and G and j. then have the same numerical values. 

Bloembergen (1950) introduced the transverse relaxation 

approximation encountered in nuclear magnetic. resonance as a 

possible relaxat ion term. This term h a s  the form 



Here the subcript " 1" indicates, that only the component 
-+ -* -+ 

of (M - Mo) which is perpendicular to Mo is considered. The 

damping is characterized by the decay time T. The Bloembergen 

form of damping is basically different from the Landau- 

Lifshitz or Gilbert forms of damping in that the magnitude 
-* 

of M is not conserved, i.e. longitudinal relaxation is 

ignored. However, in the limit of light damping this 

difference is small and comparison of terms (2.8a) and (2.8~) 

in Equation (2.7) shows that l/r % A (u/yMo). 

The effect of these'phenomenological damping terms is 

illustrated in Fig.-2.2. These damping terms are not the 

only possible ones. However, almost all experiments involving 

reflection or transmission of microwayes from magnetic 

materials have been compared with calculations employing 

one of these damping terms. Diffusion of the magnetic carriers 

is an additional damping mechanism but experience shows that 

the effect of diffusion is quite small. (See Cochran et al. 

1977a and Refefences therein.) ' r 

The equation of motion for the magnetization developed 

thus far contains terms proportional to tbe torque on the 
+ 

magnetization due to an applied magnetic field H. In a real 

material there eixst other sources of torque on the magneti- 

zation, for example anisotropy and shape demagnetization 



4 
Fig. 2.2: Illustration o f  the direction o f  the Landau- 

Lifshitz (L-L. ) ,  Gilbert ( )  , and Bloembergen ( )  damping 
h C I A  

terms. fi is parallel to the Z-axis and 2 is in the Y-Z 
plane. 



effects, which enter into the equation of motion. These - 

torques are conventionally expressed in terms of an 

effective demagnetizing field proportional to the magnetiza- 

tion (Macdonald 1951). These demagnetizing fields can be 

lumped in with the applied field (and the exchange field 

discussed below) to yield a net effective field acting on the 

magnetization. The equation of motion then becomes 

where only one of the damping terms in parentheses is chosen. 

The effective field is written as: 

The first two terms on the right side of Equation (2.10), 

- s- Ho and h, represent the total magnetic field applied to the 

magnetization. This applied field is separated into two parts 
-+ -+ 

for convenience: Ho is the static applied field and h is the 

magnetic field associated with the microwave radiation in the 
-+ 

material. HD-is the static demagnetizing field proportional 
-+ 

to the equilibrium magnetization, MO, i.e. 



Similarly, 

-+ + -+ 

where m = M - ?4 
0 

The tensor demagnetizing factors 5 and 3 are calculated 
explicitly for contributions due to sample shape, magneto- 

crystalline anisotropy, and magnetostriction in Appendix I. 

The final term in Equation (2.10) is the exchange field. 

This field was first considered with reference to spin waves 

by Herring and Kittel (1951) and incorporated into the 

effective field by Ament and Rado ( 1 9 5 5 ) .  The coulomb 

exchange interaction which is responsible for maintaining 

ferromagnetism cannot exert a torque on the magnetization 

directly. (This large effective field is parallel to the 

magnetization.) However, a magnetization which is non- 

uniform in space will experience a transverse restoring force 
.I 

tending to produce a uniform magnetization. m e  first term 
:!b 

in the Taylor expansion for the potential energy of the 

magnetization about its spatially uniform configuration is 
-+ 

proportional to the second spatial derivative of M. (The 

first derivative is zero because a spatially uniform 

magnet ld j  ation is the minimum exchange energy configuration.) 



One can also write this energy as the dot product of the 

magnetization and the exchange field hexch, i.e. 

-+ 2 V M 
hexch 

Oc- M (2.14) 
0 

and introducing the exchange constant A as the constant of 

proportionality one .obtains 

This exchange field is introduced here for the sake of 
L 

completeness. This field plays a small role in determining 

the microwave transmission and can safely be neglected. (See 

Cochran et al. 1977a and References therein.) 

The >purpose of this section is to obtain an expression 

for the microwave permeability. This can be done in a 

straightforward manner from Equation (2.9). For concreteness 
A A A  

consider the co-ordinate system of.Fig. 2.3. The ( X , Y , Z )  

co-ordinate system is the natural reference system to describe 

the geometry of the magnetic material. It is the laboratory 

co-ordinate system. The magnetic material is taken to be a 

slab of finite thickness with the Z axis normal to the slab. 

However, the (X', Y ' ,  Z ' )  co-ordinate system of Fig. 2.3 is 

the natural reference system in which to describe the 

permeability. Since the magnitude of the magnetization is to 
- 

a very good approximation independent of the microwave 



Fig. 2.3: CO-ordinate systems for the description of the 

sample orientation (unprimed) and for the equation of motion 

of the magnetization (primes). . 



k 

field, then to first order the magnetization can only m w e  
-+ 

perpendicular to Mo. Thus in the co-ordinate system in 
-b 

which Z' is parallel to Mo the response o'f the magneti,zation 
A A 

to the microwave field is limited to the X1-Y' plane. In 
+ 

general Mo is at some angle e from the Z axis. It is 
A - .  

convenient to orient the X1-Y' axes so that X' is in the 

direction of increasing 0 .  Equation (2.9), for the choice of 

Landau-Lifshitz damping, can now be expressed as: 



iwm = O  z ' 

Several points concerning Equation (2.16) are in order. First, 
-+ -+ 

the quantities m and h are assumed to have yavelike time and 

space dependence, i.e. these quantities vary as exp(iot - kZ) 

where k is a complex propagation constant to be determined. 
-f -+ -+ -+ 

Second, m and h are small in magnitude compared to M and H o .  

In Equation (2.16) term.s which are of second order in small 

quantities have been dropped. Thus Equation (2.16) is a 
/ 

linearized version of Equation (2.9). Third, in the limit 
-+ -+ 
m + O ,  h + 0 the magnetization attains its equilibrium 

direction and there is no torque acting on the magnetization. 

This fact has been used to eliminate all terms in Equation 
-+ -+ 

(2.16) which are not proportional to m or h. 

Equation (2.16) is a relation between the radio frequency 

magnetization and magnetic field. After some manipulation 

this equation can be brought into the form 

and the permeability we wish to find is then 



- 2 4  - 

where f is the unit tensor. Derivation of Equation (2.18) 

fulfills the purpose of this section. Explicit expressions 

for the elements of the permeability tensor are given in 
b 

Appendix 11. 

2.4a Maxwell's Equation~and Propagation Constant: 
Per~endicular Confinuration 

The permeability developed in the previous section merely 
-+ + 

r'elates the magnetic induction b to the magnetic field h. 

Maxwell's equations impose further conditions on these quan- 

tities. In order to simplify the solution for the waves inside 

a ferromagnetic metal, two specific but important special 

cases will be considered. Here the case in which the 

applied magnetic field is perpendicular to the plane of an 

infinite slab (e = O 0  in Fig. 2.3) is discussed. This is known 

as the perpendicular configuration. In the next section the 

case in which the,magnetic field is applied in the plane of 

the slab (e = 90') is discussed. 

The solutions of Maxwell's equations for the perpendicular 

configuration are most simply described using circularly 
* - A  

polarized waves. The transformation from the ( X , Y , Z )  

co-ordinate system of Fig. 2.3 is accomplished by the matrix 



- 2 5  - 

Of course the inverse of is simply its transposed complex 

conjugate Z f .  To simplify matters fuither , only waves 

travelling in the Z direction will be considered2. Maxwell's 

equations can then be explicitly written as: 

The permeability can also be straightforwardly expressed in 

circularly polarized co-ordinates. Starting with the usual 

relation between b and h, namely 

2 ~ h i s  is not a particularly restrictive condition. The index 
of refraction for a metal is so large (-10') that microwaves 
are refracted normal to the surface no matter what the angle 
of incidence is. 



and by applying the matrix R ,  then 

where the subscript "c "  indicates a circularly polarized basis. 

Explicitly 

This diagonalized permeability can be used in Equation (2.20~) 

to eliminate 6 .  Remembering that .the solutions go like 

exp[iwt - kZ], where k is the propagation constant, then 

Equations (2.20~) and (2.20d) reduce to 

In summary, ?laxwell's equations and the equation of motion, 

i.e. Equations (2.20) and (2.21), constitute two independent 

systems of linear algebraic equations, one set positively poIar- 

ized and one set negatively The requirement that 

these equations have nonzero solutions results in a dispersion 

relation, Equation (2.24), which determines the propagation 

constants of the waves inside a magnetic metal. 



.Insight into the nature of the solutions above can be 

gained by studying the permeability in Equation (2.24). 

3egleftirig magnetocrystalline anisotropy and magnetostriction 

and remembering that we are also ignoring exchange, then 

Equation (2.18) yields,: 

and . 

This permeability has two special values of applied 

magnetic field associated with it. First, if 

then 



and 

ZnMo 
In the limit of small damping u +  - whereas u -  + 1 + - . 

0 

Thus the positively polarized wave has a large value for its 

permeability-and Equation ( 2 . 2 4 )  shows that this wave is 

heavily attenuated. This is known as ferromagnetic resonance 

( F M R ) .  Note that positive circular polarization corresponds 

to an R.F. field kith the same sense of precession as the 

magnetization about an e ~ t e r n a l ~ m n e t i c  field. 

Second, if 

Ho 

then 

a 

and 



In the limit of small darnping u +  - 0 whereas p -  - 2 
d 

This shows that the k +  in Equation (2.24) is small for this 

value of applied field and the wave is only lightly attenuated. 

Hence, there is the potentlal for the wave to penetrate through 

a moderately thick slab of magnetic metal. This is calle d\ 
ferromagnetic-antiresonance (FMAR). -The complete expression 

for ,+ is plotted as a function of nagnetic field in Fig. 2.4. 

2.4b !laxwellts Equations and Propagation Constants:Parallel 
Conf inuration 

The geometry considered in this section is such that the 
A 

nagnetic field and r~agne~tization are parallel to the X-axis of 

Fig. 2.3. This changes the solution to Maxwell's equations 

obtained in the previous section in two ways. First, the . 
shape demagnetization factor which enters Equation (2.16) is 

- kt-t - b - Dxx = 0 whereas this term was 1 in the perpendicular 

configuration. Second, the Maxwqll equation v - G  = '0 is not 

simply satisfied by b i  = h- = 0 as in the perpendicular 
i 

configuration. Here bi = 0 but hZ = -4nMZ f 0. This can be 

seen by notirg that if the magnetization is perturbed from 
A 

equilibrium it tends to precess about the X-axis with MZ # 0. 

The conventional approach to guarantee that the permeability 

always yields bZ = uZXhX + pZyhy + pZZhZ = 0 is to substitute I 

h = -4nMZ - into Equat'ion (2.16) .   hen the permeability 

becomes 



Fig. 2.4: The real (R) and imaginary ( 1 )  parts of the 
-. 

permeability u+. The scale shown here is in arbi-trary units 

( 1  .unit equals'a permeability of S.758). Parameters used in 

the calculation were: R.F. frequency = 24.00 GHz,  g = 2.187, 

8 - 1  Mo = I 8 6 1  G, and A = 2.45 x 10 sec . - r 



Fig. 2 . 4  

. 



where 

I 

and 



Only two of Maxwell's equations remain to be satisfied, i.e. 

Operating on the time and space dependence exp[iot - kZ], 

Equation ( 2 . 3 2 )  reduces to 

a n d  

As with the perpendicular configuration there are two 

propagation constants. The uninteresting value of k 

(Equation (2.33a)) corresponds to a linearly polarized wave 
+ + 

with hRFII Mo. This wave is the same as one would find in a 

nonmagnetic metal. The second propagation constant 



-b 

(Equation (2.33b)) corresponds to a wave with hRdfio. This 

propagation constant is modulated by u YY' The phenomena of 

ferromagnetic resonance and ferromagnetic antiresonance can 

be seen to exist for the parallel configuratio'n by noting that 

p~~ 
-+ as A -b 0 for an applied magnetic field which satisfies 

and that pyy -b 0 as A + 0 for 

The magnetic field values at which FMR and FMAR.occur for the 

parallel configuration are different from the perpendicular 

configuration. This difference can be exploited to measure No. 

Otherwise, these two configurations are quite similar. 

2.5a The Boundary Value Problem: Perpendicular Configuration 

The expressions for. the propagation constants developed 

thus far remain to be incorporated into an explicit calculation 

of the microwave transmission through a slab of magnetic metal. 

Here the perpendicular configuration is 'dea4t with. The waves .. 

we are concerned with are schematically indicated in Fig. 2.5. 

A ci~cularlypolarized wave in free space of amplitude eo,ho 

is normally incident on the slab. A wave of amplitude eR,hR 

is reflected and a wave of amplitude eF,hF propagates into 

the slab. At the back of the slab some radiation of amplitude 
C 



Fig. 2.5: Schematic o f  waves involved in the bouadary value 

problem. The waves are either-dircularly polarized 

(perpendicular configuration) or linearly polarized (parallel 

configuration) . 



is internally reflected. Subscripts referring 

positive or negative polarization have been supressed since 

all the waves are of the same polarization. The amplitudes 

of these waves can be determined by requiring that tangential 
-+ 
h and tangential ; be continuous at each surface of the slab. 
At the front surface we have 

and at the back surface 

hFexp(-kd) + hB = hT 

The electric fields are eliminated from these equations by 

noting that Equation (2.20d) may be rewritten as 

e+ 

and 

e- 

where 

6 

Similarly, in free space where the waves have the harmonic 



iw dependence exp[iot - - 
C 21, 

and 

Expressions ( 2 . 3 7 )  and ( 2 . 3 9 )  apply to forward propagating 

waves; for backward propagating waves the terms on the right 

in Equations ( 2 . 3 7 )  and ( 2 . 3 9 )  must be multiplied by -1. 

After the electric fields are eliminated from Equation ( 2 . 3 6 )  

this system of four algebraic equations can be solved for the 

transmitted wave in terms of the incident wave, i.e. 

Equation ( 2 . 4 0 )  is true for both polarizations separately. 

This equation constitutes the solution to the boundary value 

problem in the perpendicular configuration. It is apparent that 

all one need do to calculate the transmitted signal is feed 

the material parameters into Equation ( 2 . 2 5 )  to calculate 

;+ and hence obtain kt from Equation ( 2 . 2 4 ) .  All the 
- 

information about the magnetic properties of the material is 

contained in k . Substitution of k, into Equation ( 2 . 4 0 )  
f - 

immediately yields the desired transmission amplitude. 



2.5b The Boundary Value Problem: Parallel Configuration 

The solution to the boundary value problem in the parallel 

' configuration proceeds in the same manner as for the perpen- 

dicular configuration. Since the linearly polarized wave with 
-b + 
hRF ]lMo does not contain any information about the magnetic 

-P + 
system, only incident radiation with hRFIMo will be discussed 

here. Fig. 2.5 illustrates the boundary value problem. An 

incident wave of amplitude eo,ho gives rise to a reflected wave 

e h and a transmitted wave eF,hF at the front surface of 
. R' R 

the slab. At the back surface of the slab the forward propa- 

gating wave is partly reflected to form a backward propagating 

wave of amplitude eB,hB and partly transmitted to form the 

transmitted wave of amplitude eT,hT. Continuity of ; and g 
at the front and back surfaces require that 

eo + eR = eF + eBexp-(- kd) 

hFexp(-kd) + hB = hT 

A 

. Here the h's are all polarized along the Y-axi s and the e's 
are polarized along the X-axis. The electric fields inside 

the metal may be eliminated by rewriting Equation (2.32b) as 

and 



for backward propagating waves. Of course, in free space we 

have 

ex = hy 

for forward propagating waves and 

for backward propagating waves. Solution of Equation (2.41) 

for the transmitted wave then yields: 

This equation is formally identical to Equation ( 2 . 4 0 ) .  This 

constitutes the solution to the boundary value problem in the 

parallel configuration. 

2.6 Exam~le Calculations 

The material presented in this chapter is meant to indicate 

precisely what is involved in calculating a plot of transmitted 

microwave signal vs. magnetic field. Thus far the prescription 

for the calculation (neglecting exchange) has been given. 



Ultimately these calculations are compared with experimental 

data and the parameters descrihing the material are adjusted 

within the calculations to obtain the best agreement with the 

experimental data. This procedure is most useful if each 

parameter of interest affects the calculation in a manner 

relatively independent of all a e r  parameters. In this 

section the effect of various parameters on the calculations 
- 

is illustrated. 

The material parameters entering into the calculation 

are : 

1) Magnetization. 

2) Spectroscopic splitting factor (g-factor). 

3) Magnetic damping. 

4) Shape demagnetization factors. 

5) Conductivity. 

6) Sample thickness. 

7) Anisotropy (magnetocrystalline and magnetostrictive). . 
8) Exchange constant and exchange boundary conditions 

(Appendix 111). 

The set of figures-ch follow are typical of nickel at 

200•‹C. The specific parameters used in the following figures 

are listed in Table 2.1. 

Figure 2.6 shows how the lineshape of the transmitted 

amplitude vs. magnetic field varies with different values 

of the Landau-Lifshitz damping parameter and g-factor. The 

calculations were made for the case in which the magnetization 

is perpendicular to the plane of the slab. Curves a, b and 



Parameters used for calculations shown in Fig. 2.6 to 2.9, 
\ 

unless otherwise stated. The material par eters correspond P 
to nickel at 200 • ‹C .  

- - 

R. F. frequency 

g- factor 

magnetization 

resistivity 

(conductivity) 

thickness 

$ 

damping 

24,000 G H z  

399 gauss 

8 - 1  2.45 x 10 sec 



8 -1 c were calculated using X = 2.4 x 10 sec , g = 2.19; 

8 -1 8 -1 A = 2.5 x 10 sec , g = 2.19; and X = 2.4 x 10 sec , g = 2.20. 

The peak transmission amplitude for each curve has been 

. normalized to 1.0. Identical curves could have been produced I 

using either the Gilbert or Bloembergen form of damping. ?he - - 
damping clearly dominates the linewidth and the g-factor 

determines the position of the peak transmission. However, 

the damping does have a small effect on the position of the 

peak transmission (see curves a and b). Although it is 

not indicated in Fig. 2.6, the fact that the shape demagneti- 

zation factor is DZz < 1 for a finite sample also alters the 

peak position slightly. 

The magnetization has only a weak effect on the trans- C 

mission lineshape of Fig. 2.6. However, if the magnetization 
4 

is in the plane of the slab and linearly polarized radition is 
I 

-+ 
incident such that 6 i Mo, then the position of the peak 
transmission is drastically altered. As shown previously, 

FMAR occurs for the parallel configuration at an applied field . 
H 0 3  w/y - 4mM0. (The approximation sign is used here because - 

e D x x  
f 0 for a finite sample and this changes the condition 

described by Equation ( 2 . 3 5 )  by introducing the demagnetization 

M .) Transmission amplitude vs. applied magnetic field 4nDn 

field calculations for both the parallel and perpendicular 

configurations are shown in Fig. 2.7. Curves a and b are for 

the parallel configuration and curves c and d are 'for the 

perpendicular configuration. The separation between these two 
S, 

* 

s e t s  of curves is proportional to the magnetization. 



Fig. 2.6: Transmitted amplitude vs. magnetic field showing 
. , 

the effect of different g-,factors and daaping parametirs. 
I' 8 - 1  Curve ( a ) :  A = 2.4 10 sec , g = 2.19; 

8 - 1  Eyfve (b) A = ' 2 . S ,  10 sec , g = 2.'19; and 

8 - 1  Curve (c) A = 2 . 4 ~  10 sec , g = 2.20. I 

In a11 cases the magnetic field is perpendicular to the 

plane of the slab. Other parameters used were: f - 24.00'0 Gt l r ,  

"0 
= 399 C,  a - 5.36 x 10'~sec-~, and d - 20pm. 





Thus far the effect of the g-factor, magnetization, and 

m9gnetic damping have been shown to determine the lineshape 

and position of the transmitted signal. The other parameters 

used in the calculation can minic the effect of these 

parameters som-ewhat. Figure 2.7 shows the effect of the 
e 

slab thickness and/or conductivity on the transmirsion 

lineshape. ' Both of these parameters enter the calculation 

1 through the term exp[-kd] where k a a 6 and, hence, both 
- / / parameters.have an identical effect on the caldulated 

P- transmission. Curves a and b of Fig. 2.7 are calculated 

for a thickness of 20pand 1 8 ,  respectively, and curves c 

and d are calculated for a conductivity of 5.36 x 1016sec-' 

and 4.47 x 1016sec-l. One can see that the broadening, of the 
. 

transmission lineshape with decreased thickness or conductivity 

is more symmetric than the broadening introduced by the damping 

parameter (Fig. 2.6). This is more easily discerned if the 

plot of the amplitude vs. phase of the transmitted signal, 

i.e'; the locus plot, is concerned. In Fig. 2.8 two different 

pairs of damping and thickness were used to calculate locus 

plots. The parameters were chosen such that the usual graphs 

of transmitted amplitude vs. magnetic field were identical to 

within three thicknesses of the lines used to draw these 

figures. The difference between these two set5 of parameters 

is quite apparent in the locus plot in Fig. 2.8. . 

Magnetocrystalline anisotropy and magnetostriction enter 

the calculation through the radio frequency demagnetization. 



Fig. 2.7: Transmitted amplitude vs. magnetic field for the 

parallel (curves (a) and (b)) and perpendicular (curves (c) 

and (d)) configurations. Parameters used were: (a) d = 20 Dm, 

16 - 16 A -  5.36 x 10 sec l; (b) d -  18 pm, A =  5.36 x 10 sec-l; 

(c) d = 20 pm, A = 5 . 5 6  x 1016sec' l; (d) d = 20~a1, A = 4.47 

x 10'~sec-'. Also, see ~abls' 2.1. Parameters common to all 

curves were f = 24.000 GHz, g = 2.187, Mo = 399 G ,  and 

8 - 1  A - 2 . 4 5 ~ 1 0 s e c  . 





Fig. 2.8: Calculated amplitude vs. phase of transmitted 

signal in the perpendicular configuration for two thickness- 

damping combinations. In the calculation for curve (a) 

8 - d = 2 0 ~  and I = 2.4 x 10 sec l; for curve (b) d = 18pm and 
8 - 1  A = 1.9 x 10 sec . Other parameters used were: f  = 24.000 

GHr, g = 2.187, Mo = 399 G ,  and A = 5 . 3 6  x 1016sec-l. 





factors as well as through the static demagnetization factors 

(Appendix I). These demagnetization factors shift the trans- 

mission line position and slightly alter the lineshape. This is 

shown in Fig. 2.9 for the case of a material of negative 

magnetostrictive constant in a state of uniform, planar tension. 

Curves a and b are calculated for the perpendicular configura- 

tion; curves c and d are calculated for the parallel configura- 

ion. Honzero m ~ e t o s t r i c t i v e  demagnetization factors have 

een used to calculated curves b and d. Note that the effect 

of the stress is to shift the transmission lines in a different 

manner and even to alter the peak amplitude for one configura- 

tion. Similar shifts and amplitude changes are associated with 

magnetocrystalline anisotropy. 

The effect of exchange is so small that it is not illustrated 

here. Changing the exchange constant A by an order of 

- 6 magnitude (1.0 x 10 erg/cm to 1.0 x erg/cm) and specify- 

ing any boundary condition on the radiofrequency magnetization 

at the sample surface (node, antinode, and anything in between) 

produces a change in the transmitted signal of less than the 

thickness of the lines used to draw the figures in this section. 

The calculations presented here illustrate the information 

available from measurements of microwave transmission vs. 

magnetic field. In particular, the position and width of the 

transmission peak in the perpendicular configuration determine 

the g-factor and the damping parameter; the separation between 

the peaks in the parallel and perpendicular configurations 



Fig. 2.9: Transmitted amplitude vs. applied magnetic - 
field illustrating the effect of magnetostriction. Curves 

(a) and (b) aie for the perpendicular configuration, 

curves (c) and (d) are for the parallel configuration. 
3As0 

A rnagnetostrictive R.F. demagnetization factor of -y - - L 
4nMo 

= 3.97 x 10" has been used in calculating curves 

(b) and (d). Other parameters used in the calculation 

were: f = 24.000 (;Hz, g = 2.187, Mo = 399 G, u = 5 . 3 6  

8 -1 
x l ~ ~ ~ s e c - ~ ,  d = ZOpm, and A = 2.45 x 10 sec . 



Fig. 2.9 k 



determines the magnetization; and the width of the peak in the 

parallel configuration provides a second determination of the 

damping parameter3. The other parameters which influence the 

transmission either have a negligible effect (exchange) or are 

available from independent measurements or published data 

(R.F. frequency, sample thickness, resistivity, static 

demagnetization factors, and anisotropy and magnetostrictive 

constants). 

The damping parameter for the parallel configuration need not 
equal the damping parameter for the perpendicular configuration. 
If a mech nism exists in which a spin wave of propa ation 
constant f z 0 decays into two spin waves of large f ,  then 
conservation of energy and total k allows this process to occur 
in the parallel configuration and not in the perpendicular 
configuration. For details of the spin wave dispersion relation 
see, for example, E.A. Turov in Ferromagnetic Resonance (1966), 
p.208 et seq. 



CHAPTER 3 

EXPERIMENT 

The details of the apparatus used in the experiments 

reported here have been published elsewhere (Cochran et al. 

1977b). A short description of the microwave circuit and 

data acquisition system used to recg';d tlie transmission signal 

is given here along with a more complete description of the 

particular microwave cavities used in these experiments. 

3.1 Microwave Circuit 

The sample being studied formed part of the common wall 

between two microwave cavities. Microwaves were generated1 - 
and guided into one of the cavities; the signal which was 

tracsmitted through the sample appeared in the second cavity 

and a fraction of this signal was-guided into the receiver 

section of the microwave circuit (see Fig. 3.1). This 

received signal was chopped at 30 MHz by a TRG750 electronic 

switch2 and fed into a balanced mixer and pre-amplifier3. 

The 30 MHz output of the pre-amplifier was amplified further4 

'Between 250 mW and 350 mW of 24 GHz radiation was available 
from an OK124Vll klystron made by OK1 Electronics of America, 
Inc., 500 S.E. 24th Street, Fort Lauderdale, Florida, 33316. 

'switch made by Alpha Industries, Inc., 20 Sylvan Road, Woburn, 
Maine, 01801. 

3~~~ KCH-2 switch made by the LEL division, Varian Associates, 
Copiague, Long Island, New York. 

- 

"LEL model IF 301-30-10-50 narrow band amplifier. 



and then demodulated5. The balanced mixer kas fed a refe~ence 

signal coupled from the klystr6n. This reference signal 

passed through a precision phase shifter6 and a 200 Hz 

chopper7. Thus the output of the system was a 200 Hz signal 

proportional to the amplitude of the received microwave signal 

in phase with the reference signal. This output was detected 

by a lock-in amplifierg and continuously recorded, along with , 

the magnetic field, on an X - Y  recorder and digitally recorded 

every %ree to six seconds on paper tape. Each measurement 

of transmitted amplitude vs. magnetic field was repeated 

with the phase shifter in the reference line altered by 90" 

bet~een measurements. In this manner both the amplitude-and 

the relative phase of the transmitted signal as a function of 

magnetic field were measured. The data were stored on magnetic 

disc and they Kere readily available for comparison with 

computed transmission curves based on the phenomenological 

theory described in Chapter 2 .  ' 

Several other features of the microwave circuit bear 

explanation. X portion of the output of the klystron was 

' ~ ~ 1 0 5 1 4 ~  mixer made by Hewlett Packard Co., 1501 Page Mill 
Road, Palo Alto, Calif. 

6~~~ 8k9 manufactured by Systron Donney Corp., 1 Systron Dr., 
Concord, Calif. 

'TRG K130, Alpha Industries. ' 

- -- - - -  

'1thaco 391A lock-in amplifier made by Ithaco Inc., 735 W. 
Clinton St., Ithaca, New York, 14850. 



. 
d i r e c t e d  t h r o u g h  a  t u n a b l e  r e f e r e n c e  c a v i t y  a n d  d e t e c t e d  by 

d i o d e  D l  o f  F i g .  3 . 1 .  The v o l t a g e  a c r o s s  D l  s e r v e d  a s  a n  

i n p u t  t o  a  c o n t r o l  c i r c u i t  which  l o c k e d  t h e  f r e q u e n c y  o f  r the  
I 

k l y s t r o n  t o  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  r e f e r e n c e  c a v i t y .  

Both  t h e  t r a n s m i t t e r  and  r e c e i v e r  c a v i t i e s  c o u l d  b e  t u n e d  t o  
I 

t h e  o u t p u t  f r e q u e n c y  of. t h e  k l y s t r o n  by r o u t i n g  t h e  microwave  

power  i n t o  e i t h e r  c a v i t y  v i a  s w i t c h e s  T R G  K530 and  a t t e n u a t o r  
i 

DBE 430 .  The s i g n a l  r e f e c t e d   fro^. e a c h  c a v i t y  was d e t e c t e d  

a t  d i o d e  D2 o r  D3 and  t h e  c a v i t i e s  we re  m e c h a n i c a l l y  t u n e d  

b).  r l i n i n i z i n g  t h e  r e f l e c t e d  s i g n a l .  The microwave  o u t p u t  o f  

t h e  k l y s t r o n  c o u l d  a l s o  be  s h u n t e d  i n t o  t h e  d e t e c t i o n  

s y s t e r .  t h r o u g h  t h e  c i r c u i t  l a b a l l e d  " c a l i b r a t i o n  l i n e "  i n  

r .  
1 .  3 . 1  T h i s  l i n e  c o u l d  b e  u s e d  t o  d i r e c t  a  known f r a c t i o n  

c f  t i le  k l y s t r o n  o u t 2 u t  i n t o  t h e  d e t e c t o r  and  t h i s  % a s  u s e d  t o  

c a l i b r a t e  t h e  r e c e i v e r  and  a s s o r t e d  a m p l i f i e r s .  The 

f r e q u e n c y  o f  t h e  microwave  r a d i a t i o n  was m e a s u r e d  by means o f  

a  H e w l e t t  P a c k a r d  K432.4 f r e q u e n c y  m e t e r .  T h i s  m e t e r  was 

c a l i b r a t e d  w i t h  a n  a c c u r a c y  o f  + 0 . 0 1 %  u s i n g  t h e  E S R  s i g n a l  o f  

D P P P .  F u r t h e r  d e t a i l s  c o n c e r n i n g  t h e  microwave  s y s t e m  a r e  

g i v e n  by Coch ran  e t  a l .  ( 1 9 7 7 b ) .  

3 . 2  Microwave C a v i t i e s  
7 

The e x p e r i m e n t s k - e r e  c a r r i e d  o u t  w i t h  t h r e e  s e t s  o f  m i c r o -  

wave c a v i t i e s ,  e a c h  s e t  f a b r i c a t e d  f rom e i t h e r  b r a s s ,  s t a i n -  .- 

l e s s  s t e e l ,  o r  b e r y l l j u m - c o p p e r .  
', 

The b r a s s  a n d  s t a i n l e s s  s t e e l  c a v i t i e s  were u s e d  f o r  t h e  
0 

h i g h  t e m p e r a t u r e  m e a s u r e m e n t s .  S i n c e  t h e s e  two s e t s  o f  





I 

c a v i t i e s - w e r e  s i m i l a r  i n  d e s i g n ,  on ly  t h e  s t a i n l e s s  s t e e l  

c a v i t i e s  w i l l  be  d e s c r i b e d  h e r e .  The s t e e l  c a v i t i e s  a r e  

s c h e m a t i c ~ l l y  shown i n  F ig .  3 . 2 .  

The s t a i n l e s s  s t e e l  c a v i t i e s  were f a b r i c a t e d  from two 

b locks  of  # 3 0 4  s t a i n l e s s  s t e e l .  The b l o c k s  were machined 

t o  t h e  d e s i r e d  o u t s i d e  d imensions  and t h e n  t h e  c a v i t i e s  were 

s p a r k  c u t  i n t o  t h e  b l o c k s .  The f i n a l  i n s i d e  d imensions  o f  

t h e  c a v i t i e s ' w e r e  3 . 0 6  x 1 .07  x 0 . 4 4  cm and c o u p l i n g  h o l e s  

were c u t  i?,the H-wal l  o f  t h e  c a v i t i e s .  The c a v i t y  q u a l i t y  

f a c t o r s ,  Q ,  were de te rmined  from t h e  f requency  s h i f t s  r e -  

q u i r e d  t o  de tune  t h e  c r i t i c a l l y  coup led  c a v L t i e s  s o  t h a t  

h a l f  t h e  i n c i d e n t  power was r e f l e c t e d .  The r e c e i v e r  and - - 3 
t r a n s m i t t e r  c a v i t i e s  had unloaded Q ' s  o f  1 . 4  x 10 and 

3 1 . 2  x 10 , r e s p e c t i v e l y .  The s t a i n l e s s  s t e e l  c a v i t i e s  cou ld  

be s e p a r a t e l y  tuned  by means o f  q u a r t z  r ods  0 . 1 0  cm i n  d i a -  

meter  ( F i g .  3 . 2 )  . The rods  f i t t e d  smoothly i n t o  h o l e s  l .  38 cm 

long  d r i l l e d  i n t o  t h e  end w a l l s  o f  t h e  c a v i t i e s .  These 

h o l e s  were beyond c u t o f f  f o r  t h e  24 GHz r a d i a t i o n ;  t h e  

fundamenta l  mode i n  each  h o l e  had a  damping l e n g t h  o f  0 . 0 7  cm. 

Exper iments  u s i n g  t h e s e  c a v i t i e s  cou ld  be  c a r r i e d  o u t  a t  

c o n s t a n t  f r equency  o v e r  a  wide t empe ra tu r e  r ange  because  i t  

was p o s s i b l e  t o  compensate changes  i n  c a v i t y  r e s o n a n t  f requency  

due t o  th2rmal  expans ion  by a l t e r i n g  t h e  d e y t h  o f  i n s e r t i o n  o f  

t h e  quartz  t u ~ i n g  rods.  The t u n i n g  c a p a b i l i t y  o f  t h e  b r a s s  c a v i -  

t i e s  was l e s s  e x t e n s i v e  i n  t h a t  on ly  one c a v i t y  ( t h e  t r a n s -  

n i t t e r )  was t u n a b l e  v i a  a  b r a s s  screw t h r e a d e d  i n t o  t h e  c a v i t y  

end-wal l .  Thus t h e  o p e r a t i n g  f requency  o f  t h e  b r a s s  c a v i t i e s w a s  



Fig. 3.2: View of cavities and sample: (a) quartz tuning 

rod, (b) transmitter cavity, (c) coupling hole, (d) sample, 

(e) critically coupled aperature between cavity and,wave- 

guide, (f) copper diaphragm, (g )  receiver cavity, (h) interior 

of the receiver cavity. The transmitter cavity j s  bolted to 
1 

/ 

the receiver cavity with the sample sandwichedltightly 

between the cavities. The directions of the RF magnetic 

field, hRF, andsthe applied, static field in the parallel 

and perpendicular configurations, H and H I I 1 ' are indicated. 
The total height of each cavity is 4.44 cm. 





c o n s t r a i n e d  t o  f o l l o w  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  r e c e i v e r  

c a v i t y .  T h i s  r e s o n a n t  f r e q u e n c y  d e c r e a s e d  w i t h  i n c r e a s i n g  

t e m p e r a t u r e s ' b e c a u s e  o f  t h e  t h e r m a l  e x p a n s i o n  o f  t h e  r e c e i v e  

c a v i t y .  

The s t a i n l e s s  s t e e l  c a v i t i e s  had  two p r i n c i p a l  a d v a n t a g e s  

o v e r  t h e  b r a s s  c a ~ . i t i e s .  F i r s t ,  t h e  c o e f f i c i e n t  o f  t h e r m a l  

e x p a n s i o n  o f  s t a i n l e s s  s t e e l  i s  s m a l l e r  t h a n  t h a t  o f  b r a s s ,  

b u t  l a r g e r  t h a n  t h a t  o f  n i c k e l ;  a t  e l e v a t e d  t e m p e r a t u r e s  t h e  

s t a i n l e s s  s t e e l  c a v i t i e s  s t r a i n e d  t h e  r i g i d l y  c l a m p e d g  n i c k e l  

s a m p l e ,  b u t  t h i s  s t r a i n  was l e s s  t h a n  t h a t  p r o d u c e d  by t h e  

b r a s s  c a v i t i e s .  S e c o n d l y ,  t h e  b r a s s  c a v i t i e s  gave  o f f  z i n c  

a t  e l e v a t e d  t e m p e r a t u r e s .  

The p r i n c i p l e  d i s a d v a n t a g e  o f  t h e  s t a i n l e s s  s t e e l  

c a i . i t i e s  k a s  t h a t  t h e  s t e e l  Gas s t r o n g l y  p a r a m a g n e t i c 1 '  . 
I n  o r d e r  t o  f i n d  t h e  m a g n e t i c  f i e l d  s h i f t  ( c a u s e d  by t h e  

c a v i t i e s )  a t  t h e  p o s i t i o n  o f  t h e  s p e c i m e n ,  t h e  s i g n a l  

(at 2 3  GHz)  o f  a  p i e c e  o f  DPPH g l u e d  t o  t h e  c e n t r e  o f  a  c o p p e r  

s p e c i m e n  was m e a s u r e d  u s i n g  b o t h  t h e  b r a s s  a n d  t h e  s t a i n l e s s  

s t e e l  c a v i t i e s .  The s h i f t  i n  t h e  a p p l i e d  f i e l d ,  a t  r e s o n a n c e ,  

b e t w e e n  t h e  two s e t s  o f  c a v i t i e s  was d e t e r m i n e d  a s  a  f u n c t i o n  

o f  a n g l e  o f  a p p l i e d  f i e l d  w i t h  r e s p e c t  t o  t h e  s p e c i m e n  n o r m a l .  

The s a m p l e  a c t u a l l y  f u s e d t o  t h e  c a v i t i e s  d u r i n g  t h e  c o u r s e  
o f  t h e  m e a s u r e m e n t s .  

13 T h e s e  c a v i t i e s  e v e n t u a l l y  became u s e l e s s  when a  f r a c t i o n  o f  
t h e  s t e e l  t r a n s f o r m e d  t o  t h e  f e r r o m a g n e t i c  p h a s e .  



A t  20•‹C t h e  magne t i c  f i e 1  a t  t h e  p o s i t i o n  o f  t h e  specimen was %, 
1 8 . 6  + . 5  Oe l e s s  t h a n  t h e  8 .57  kOe magne t i c  f i e l d  a p p l i e d  a l o n g  

t h e  specimen normal  ( a l o n g  H i n  F i g .  3 . 2 ) .  The magne t i c  f i e l d  1 
a t  t h e  p o s i t i o n  o f  t h e  specimen was 1 8 . 4  - + .5 Oe g r e a t e r  t h a n  

t h e  8 .57  kOe magne t i c  f i e l d  a p p l i e d  i n  t h e  p l a n e  o f  t h e  s p e c i -  

men ( a l o n g  H i n  F i g .  3 . 2 )  . T h i s  s h i f t  i n  magne t i c  f i e l d  was I I 
assumed t o  v a r y  d i r e c t l y  a s  t h e  a p p l i e d  f i e l d  and i n v e r s e l y  a s  

t h e  a b s o l u t e  t e m p e r a t u r e  o f  t h e  s t a i n l e s s  s t e e l .  The l a t t e r  

assumpt ion  was found t o  be  c o n s i s t e n t  w i t h  s h i f t s  measured o v e r  

t h e  l i m i t e d  t e m p e r a t u r e  r a n g e  20" t o  50•‹C. A l s o ,  t h e  s h i f t  was 

homogeneous n e a r  t h e  c e n t r e  o f  t h e  sample i n  t h a t  t,he change i n  

t h e  s h i f t  c a u s e d  by moving t h e  p i e c e  o f  DPPH 1 . 2  mm from t h e  

c e n t r e  o f  t h e  copper  specimen was l e s s  t h a n  one o e r s t e d .  

During t h e  measurements t h e  c a v i t y  assembly  was mounted i n  

a vacuum o f  a t  l e a s t  t o r r  and h e a t e d  by a  n o n - i n d u c t i v e l y  

wound h e a t e r  s u p p l i e d  from a  Kepco b i p o l a r  o p e r a t i o n a l  power 

s u p p l y / a m p l i f i e r  " . The t e m p e r a t u r e ,  m o n i t o r e d  by a  chromel-  

a lumel  the rmocouple ,  was found t o  be s t a b l e  t o  + O.S•‹C o v e r  

p e r i o d s  comparable  t o  t h e  t ime  r e q u i r e d  t o  t a k e  a  t r a n s m i s s i o n  

measurement .  The nominal  e r r o r  s t a t e d  by t h e  m a n u f a c t u r e p  f o r  
- * 

t h e  thermocouple  m a t e r i a l  was t h e  l a r g e r  o f  + 2 • ‹ C  o r  + 3 / 4 % .  
, - 

Each t i m e  t h e  h e a t e r  power was changed t h e  a p p a r a t u s  was 

l e f t  a t  l e a s t  f o u r  h o u r s  b e f o r e  t h e  t r a n s m i s s i o n  measurements  

were made i n  o r d e r  f o r  t h e  t e m p e r a t u r e  t o  s t a b i l i z e .  

Kepco, I n c . ,  131-38  S a n f o r d  Avenue, F l u s h i n g ,  New York, 11352. 

Thermo E l e c t r i c  (Canada) L t d . ,  Brampton, O n t a r i o .  



The b e r y l l i u m - c o p p e r  c a v i t i e s  were  u s e d  f o r  t h e  low 

t e m p e r a t u r e  microwave measu remen t s .  These  c a v i t i e s  were  

d e s i g n e d  t o  f u n c t i o n  w i t h  t h e  s a m p l e  mounted i n  t h e  common 

e n d - w a l l  o f  t h e  c a v i t i e s 1 3 ,  F i g .  3 . 3 .  (The s a m p l e  had  t o  b e  

i n i t i a l l y  mounted on a  nickel diaphragm. See Chapter 5 . )  B e r y l l i u m -  

c o p p e r  s t o c k  was machined  i n t o  two b l o c k s  2.,5 x 2 . 5  x 3 . 1  cm 

a n d  t h e  c a v i t i e s  ( 1 . 0 7  x 0 . 4 4  x 3 . 1  cm) were  s p a r k  c u t  t h r o u g h  

t h e  l e n g t h  o f  t h e  b l o c k s .  P r o v i s i o n  was made t o  t u n e  t h e  

c a v i t i e s  w i t h  q u a r t z  p l u g s  i n t r o d u c e d  t h r o u g h  h o l e s  d r i l l e d  

i n  t h e  s i d e s  o f  t h e  c a v i t i e s .  

The main f e a t u r e  i n c o r p o r a t e d  i n t o  t h e s e  c a v i t i e s  was t h e  

c a p a b i l i t y  t o  r e m o t e l y  t i g h t e n  o r  l o o s e n  t h e  s c r e w s  h o l d i n g  

t h e  t r a n s m i t t e r  and  r e c e i v e r  c a v i t i e s  t o g e t h e r .  I n  o p e r a t i o n ,  

t h e  c a v i t y  a s s e m b l y  was s e a l e d  i n t o  a  s t a i n l e s s  s t e e l  c a n ,  

wh ich  e x c l u d e d  l i q u i d  n i t r o g e n  o r  h e l i u m  f rom t h e  c a v i t i e s ,  

and  t h e  a s s e m b l y  was l o w e r e d  i n t o  a  s t a i n l e s s  s t e e l  dewar 

( L y a l l  1 9 7 0 ) .  The two c a v i t i e s  were  t i g h t e n e d ,  s a n d w i c h i n g  

t h e  sample  be tween  them,  o n l y  a f t e r  t h e  t e m p e r a t u r e  o f  t h e  
. . 

s y s t e m  was be low 80K o r  s t a b i l i z e d  a t  some h i g h e r  t e m p e r a t u r e .  

T h i s  was done  t o  a v o i d  b u c k l i n g  t h e  n i c k e l  s a m p l e  d u r i n g  t h e  

coo l -down  p r o c e s s  b e c a u s e  o f  t h e  d i f f e r e n t i a l  t h e r m a l  

c o n t r a c t i o n  be tween  b e r y l l i u m - c o p p e r  and  n i c k e l .  

13Note  t h a t  t h e  m a g n e t i c  f i e l d  c o u l d  b e  a p p l i e d  o n l y  i n  t h e  
p l a n e  o f  t h e  s a m p l e .  
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Fig. 3.3: Schematic of the beryllium-copper cavities. 

Vertical motion of tuning rod (a) controlled the depth 

a spring loaded quartz plug (b) entered the cavity. Both 

cavities were tunable. (Oqly one tuning rod is shown.) 

One of the three bolts (c) used to remotely tighten the 

cavities together is shown. The sample diaphragm (d) served 

as the common end-wall of the cavities. Critically coupled 

copper diaphragms (e) served as the remaining end-walls . 



F i g .  3 . 3  



3.3 Magnet System 

The sample assembly was mounted in the 8.9 cm gap of a 

Varian V-3800 thirty-eight centimeter electromagnet1" having 

a magnetic field uniform to at least 0.1 oersted over the 

volume of the specimen. .A signal proportional to the magnetic 

field was obtained from a Bell model 620 gaussmeter15. The 

gaussmeter was usually calibrated from the L'FR 2701 Mk I 1  
\ 

Fieldial magnet power supply and was accurate to 2 5  oersted. 

For one sample, . ~ u g l l ~ \ i  (see Table 3.1), the field was 

calibrated x i t h  an a c c u r a c y  o f  + 1 oersted b v  means of an 

SMR probe. 

Varian Associates, 611 Hansen Way, Palo Alto, California. 

U~.lr'. Bell, Inc., Columbus 12, Ohio. 



Chapter 4 

TRANSMISSION MEASUREMENTS ON POLYCRYSTALLINE NICKEL 

Yicrowave transmission measurements were carried out on 

polycrystalline nickel foils o@&m and ZOlrrn thicknesses1. 

'The aim of these experiments was to examine the temperature 

variation of the magnetic damping and g- factor between room 

temperature and the Curie temperature. The temperature 

dependent magnetization was also extracted from the trans- 

mission data. 

This chapter is organized as follows. A short description 

of the samples and sample preparation is given. Next are two 

sub-sections which describe how the data were analyzed 

using a computer prog.ram based on the calculations of Chapter 

2 .  Finally, the results of these measurements are presented. 

1.1 Sam~les and S a m ~ l e  Pre~aration 

Samples were cut from ? ~ m  and 20pm thick polycrystalline 

nickel sheets2. Squa'res of nickel (2 x 2cm) were cut from the 

sheets with a razor blade and batches of three or four of the 

! Host of the material in this chapter has been-reported in 
the literature (Dewar et al. 1977). 

' Sickel obtained from Goodfellow Metals Ltd., Ruxley Towers, 
Claygate, Esher, Surrey, England, KT10 OTS. A Certificate 
of Analysis from the company stated that the principle 
impurities were: CU (<0.252), Fe (<O.40%), C (<0.15%), 
S i  (<O.l5%), Mn (<0.35%), Mg (<0.20%), Ti (<0.108), 
S (<0.109). The total of all other elements except Co was 
<0.001%. Nickel (plus some Co) made up more than 99.01 
of the foil. 
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s q u a r e s  were sandwiched,  s i d e  by s i d e ,  between two s i m i l a r  

Supermal loy  s q u a r e s  SOum t h i c k .  Each b a t c h  was h e l d  between 

t h e  end f a c e s  o f  two p i e c e s  o f  2 cm d i a m e t e r  c y l i n d r i c a l  

s t o c k  and t u r n e d  on a  l a t h e .  T h i s  p r o c e d u r e  p roduced  f l a t ,  

u n s c r a t c h e d  d i s c s  w i t h o u t  b u r r s  on t h e i r  e d g e s .  The d i s c s 3  

were p l a c e d  on e i t h e r  an  a lumina  o r  a  molybdenum s u b s t r a t e  and 

a n n e a l e d  a t  1000•‹C f o r  one h o u r ,  w i t h  h e a t i n g  and c o o l i n g  

r a t e s  o f  100 deg/h .  

E x t e n s i v e  measurements were made on t h r e e  spec imens .  

The p h y s i c a l  p a r a m e t e r s  o f  t h e s e  specimens a r e  l i s t e d  i n  

T a b l e  4 . 1 .  The mass and d i a m e t e r  o f  e a c h  d i s c  were  measured 

and t h e  t h i c k n e s s  was t h e n  computed from t h e  d e n s i t y  of n i c k e l  

o f  8 .902 p / c m 3  (Meta l s  Handbook, 1 9 6 1 ) .  The t h i c k n e s s  and 

d i a m e t e r  o f  t h e  d i s c s  were used t o  compute t h e  d e m a g n e t i z a t i o n  

f a c t o r s  by assuming t h e  d i s c s  t o  be u n i f o r m l y  magne t i zed .  4 

(See Kraus and F r a i t  (1973) f o r  a  d i s c u s s i o n  o f  t h i s  a p p r o x i -  

m a t i o n . )  Under t h e  assumpt ion  t h a t  t h e  sample was u n i f o r m l y  

magne t i zed  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  d i s c  t h e  

d e m a g n e t i z a t i o n  f a c t o r  D z z  a p p r o p r i a t e  t o  t h e  c e n t r e  o f  t h e  

d i s c  can  be  w r i t t e n  a s  a  power s e r i e s  i n  r ,  where r i s  t h e  

3 ~ h e  13mm d i a m e t e r  sample ,  . N i U N J l l B ,  was n o t  a n n e a l e d  b e f o r e  
t r a n s m i s s i o n  measurements  were made on i t .  

'The d e m a g n e t i z a t i o n  f a c t o r  D Z z  c a l c u l a t e d  on t h e  assumpt ion  
t h a t  t h e  d i s c s  were u n i f o r m l y  magne t i zed ,  was w i t h i n  6 p a r t s  
i n  10' o f  t h e  v a l u e s  o b t a i n e d  u s i n g  t h e  o b l a t e  s p h e r o i d  
model (Schmidt e t  a l . ,  1 9 6 4 ) .  For  example, D z z  = 0.9982 f o r  
sample Ni20. These two c a l c u l a t i o n s  a r e  upper  and lower  
bounds f o r  t h e  a p p r o p r i a t e  d e m a g n e t i z a t i o n  f a c t o r  f o r  a  r i g h t  
c i r c u l a r  d i s c  (Kraus and F r a i t ,  1 9 7 3 ) .  



* - 6 2  - 
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r a t i o  o f  t h e  t h i c k p e s s  t o  t h e  d i a m e t e r  o f  t h e  d i k .  The 

f i r s t  t h r e e  t e r m s  of  t h i s  s e r i e s  a r e :  

D Z Z = 1 -  r + Z r  
3 ( 4 .  l a )  

The d e m a g n e t i z a t i o n  f a c t o r  Dxk i s  t h e n  d e t e r m i n e d  from 

( 4 .  l b )  

The d e m a g n e t i z a t i o n  f a c t o r s  f o r  t h e  samples  used  i n  t h e s e  

measurements ,  found from E q u a t i o n s  ( 4 .  l a )  and ( 4 .  l b )  , a r e  

g i v e n  i n  Tab le  4 . 1 .  

One d i s c ,  16mm i n  d i a m e t e r ,  was used w i t h  a  s e t  o f  b r a s s  

microwave c a v i t i e s ;  t h e  o t h e r  d i s c s ,  1 3 m  and l8mm i n  d i a m e t e r ,  

were used w i t h  a  s e t  o f  s t a i n l e s s  s t e e l  c a v i t i e s .  For t h e  

18mm sample o n l y  3 c e n t r a l  p o r t i p n  s m a l l e r  t h a n  t h e  c a v i t y  
\ 

c o u p l i n g  h o l e  was exposed t o  RF r a d i a t i o n .  T h i s  was 

accompl i shed  by e v a p o r a t i n g  an a n n u l a r  ( 2 . 5 ; .  i n s i d e  d i a m e t e r ,  

18mm o u t s i d e  d i a m e t e r )  aluminum f i l m  1 . S u m  t h i c k  on b o t h  
I 

s i d e s  of  t h e  sample .  The aluminum was used  i n  an e f f o r t  t o  

r e d u c e  any p o s s i b l e  e f f e c t s  on t h e  RF t r a n s m i s s i o n  due t o  

inhomogeneous s t r a i n s  i n  t h e  n i c k e l  sample where t h e  edge  o f  

t h e  c o u p l i n g  h o l e  g r i p p e d  i t .  A s i m i l a r  g o l d  f i l m  6um t h i c k  

was e v a p o r a t e d  on one s i d e  o f  t h e  lfmm sample .  The a r e a  of 
2 t h i s  sample exposed  t o  microwaves was a p p r o x i m a t e l y  0 .01  cm . 

S t r i p s  o f  n i c k e l  were  c Q t  from t h e  same s h e e t s ,  and  g i v e n  

t h e  same t h e r m a l  t r e a t m e n t ,  as t h e  samples ,used  i n  t h e  t r a n s m i s -  

s i o n  e x p e r i m e n t s .  These s t r i p s  were used  t o  d e t e r m i n e  t h e  



J Table 4.1 

Physical parameters of samples. Subscripts refer to 

Figure 2.3. The demagnetization factors were calculated 

as indicated in Equations (4. la) and (4. lb) . 

Name Diameter Thickness Demagnetization Factors , . . 



resistivity between room temperature and 400• ‹C .  The results 

of two measurements on the 20vm foil are shown in Fig. 4.1. 

The thermocouple used to measure the temperature of the 

stainless steel cavities during the transmission experiments 

was calibrated against the thermocouple used to make 

resistivity measurements in order to eliminate uncertainities 

in the resistivity at a particular temperature due to 

differences between these thermocouples. 
\ 

\ 



Fig. 4.1. Measured resistivity of nickel foil as a 

function of tsrperature for two different sarples of 2 0 v m  

foil. Estimated uncertainty in the resistivity is m 2 1 .  

The Curie t m e r a t u r e  uas obtained from the kink in the 

curve of resistivity vs. temperature and was found to 

be Tc = 354 t ieC, in good agreeunt with data reported 

in the literature, for example: 354'C (Weirs and Forrer 

1926) and 358'C (Arrott and Woakes 1967). 



RESISTIVITY X H 1 O6 (ohm-cm) 

Fig. 4 . 1  



4.2aAnalysis of Data: T < T 
C 

In the calculation of theoretical curves of transmission 
b 

amplitude versus applied magnetic field it was necessary 

to specify values for specimen's g-factor, magnetization, 

and damping parameter along with predetermined values for the 

thickness, resistivity, and demagnetization factors. First 

estimates of the g-factor and magnetization were made using 

the following procedure. If it is assumed that the specimen 

is an infinite sheet with no magnetic damping, the peak of the 

transmission curve occurs at 

in the perpendicular configuration and at 

in the parallel configuration. (See Chapter 2.) As a 

first approximation the g-factor was obtained from the position 

of the peak of the experimental transmission curve in the 1 

\ 
! 
I perpendicular configuration and the magnetization was obtained I 
I 
i 

from the difference between the experimental peak positions I 

in the parallel and perpendicular configurations. These values 1 
were then used, together with ,an estimate of the damping, to 

calculate a theoretical curve of transmission amplitude versus 

external field, Ho. This calculated curve was compared directly I 
with the experimental data and corrections to the g-factor. 

# 

magnetization, and damping parameter were estimated for the 
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next iteration. Two or three iterations were generally 

sufficient to obtain excellent agreement between the 

calculated and observed variation of transmission with 

magnetic field. Typical examples of the degree of agreement 

which can be obtained between theory and experiment, for 

temperatures well below the Curie temperature, are shown 

in Figs. 4.2 and 4.3 for the parallel and perpendicular 

configurations, respectively. The small differences between 

the calculation and experiment, obvious on the low field side 

of the peak in Figs. 4.2 and 4.3, varied from sample to sample. 

I attribute these differences to small non-uniformities of 

the effective field inside the polycrystalline samples arising 

from magnetocrystalline anisotropy and from the magneto- 

strictive effective field. (UsualIy two magnetostrictive 

constants are used to describe strain effects in,a single 

crystal; in a poly-crystalline material a single, average 

magnetostrictive constant is used.) 

The data presented in Figs. 4.2 and 4.3 was typical of 

measurements on the polycrystalline nickel samples. The 

anaZysis described above was carried out on several tens of 
8 

sets of transmission data to determine thk g-factor, magneti- 

zation, and damping parameter for nickel from room tempera- 

ture to within 30•‹C of the Curie temperature. 



Fig. 4.2. Transmission amplitude vs. applied magnetic 

field for the 18 RB sample in the parallel configuration. 

The measurement was made at 272'C. The calculated 

transrission (solid line) is normalized to the experi- 

mental peak amplitude (points). Parameters used for the 

calculated ,transmission are: RF frequency = 23.860 G H z ,  

g = 2.186, No = 326 gauss, resistivity - 21.2 x 10-~ncm, 

2 3Asa/4nMo - -2.1 x A - 2 . 4 ~ 1 0  8 sec - 1 , 
D - 0.0005, and D,, = 0.9989. XX 



TRANSMISSION AMPLITUDE (Arb. Units) 

4 
F i g .  4 . 2  



Fig. 4.3: Transmission arplitude vs . applied 
magnetic field for the 1 8 m  sample in the perpendicular 

configuration. The measurement- was made at 272•‹C. 

The calculated transmission (solid line) is normalized . 

the experimental peak arplitude (points). Parameters 

used for the calculated transmission are: RF 

frequency = 23.860 G H z ,  g = 2.186, Mo = 326 gauss, 

resistivity = 21.2 x 10-~ncni, 3 ~ ~ o / 4 n ~ , ~  = -2.1 x 
8 X = 2.4 x 10 sec", Dxx - 0.0005, and DZ, - 0.9989. 



F i g .  4 . 3  
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4 . 2 b  Analysis of Data: T = T 
C 

For temperatures near Tc the above procedure 

taining the magnetization, g-factor, and damping 

for ob- 

was slightly 

modified because one must take explicitly into account the 

variation of the magnetization with the magnitude of the in- 
r 

ternal magnetic field. Near the Curie temperature the 

magnitude of Go varies appreciably with the strength of the 
applied field. The equation of state for nickel of Arrott and 

Noakes (1967), 
T - Tc 

- - 

was used to calculate M at given values of temperature, T, and 
0 

static internal field, 

In the limit of zero applied field Mo becomes Ms, the 

saturation magnetization5. In Equation ( 4 . 2 )  T1, MI, 6, and 0 

are fitting parameters. 

Instead of fitting the transmission data to g, A ,  and Mo 

they were fitted to g ,  1, and (T - Tc) using the Arrott and 

-,Noakes (1967) equation of state, Equation (4.2). A set of T 

transmission data consisted of one measurement made in the 

' This assumes a speciren which consists of a single domain. 
The theory cannot, of course, describe a multi-domain 
system and it is therefore only valid foq fields sufficiently 
large to remove all domain boundaries from the active 
volume of the speciren. 

a 



parallel configuration and one measurement made in the 

perpendicular configuration. Both transmission measurements 

were made at the same temperature. The procedure used to 
F -- 

find ( T -  , g, and the damping was as follows: . 
1) An initial estimate of (T - T c )  was made. This 

was done by either estimating M from the separation 
0 

of the transmission peaks in the parallel and 

perpendicular configurations and then using the 
6 

Arrott and Soakes equation to obtain ( 7  - Tc) 

or b y  directly using the measured temperature of 

the sample and the Curie temperature as determined 

from resistivity measurements. The method used 

to obtain the initial estimate of (T - Tc) was 

not crucial. 

2 )  The initial value for the g-factor was estimated 

from the position of the transmission peak in the 

perpendicular configuration. 

3) An initial value for the damping parameter was 

estimated from the width of the transmission peak 

in the perpendicular configuration. 

4 )  Values for (T - Tc), g, and the damping rere.used 

to generate curves of transmission amplitude versus 

applied magnetic field in which the magnitude of 

the magnetization, as given by the Arrott and Noakes 

- b ~ h e  parameters Arrott and S o a k s  (1967) determined for 
Equation (4.2) (5 = 1.31, 8 = 0.3864, MI = 39.5 G, and 
TI = 0.30g•‹C) were used in this analysis. 



equation (Equation (4. Z ) ) ,  was allowed to vary 

with the internal field. These curves were 

calculated for both the parallel and perpendicular 

configurations. 

5) Comparison with experiment indicated .\ h y the 

parameters (T - Tc) g, and the damping had to be 

modified to secure better agreement between theory 

and experiment. (The damping parameter for the 

parallel configuration was allowed to take on a 

value different from the damping used for the 

perpendicular conf i g u r a t i ~ h - -  

6) Steps (4) and f 5 )  were repeated until no further 

improvement between the theoretical and experimental 

c.urves could be made. 

For temperatures near Tc the shapes of the experimental 

transmission curves were sensitive to the procedure used to . 
determine the transmission zero. In this case the experimental 

transmission at 11 kOe was arbitrarily assigned the value 

zero and the calculated transmission curves were altered by 

subtracting the calculated transmission at 11 kOe from the 

curves. This subtraction of a vector baseline (amplitude and 

phase) from the theoretical transmission curves made very 

little difference to the shapes of the curves except for 

temperatures above T;, where the transmitted amplitude was 

a very slow function of applied magnetic field. (See 

Figs. 4.10 and 4.11). The transmission amplitude at 11 kOe 

included leakage between the cavities but in the perpendicuxar 



c o n f i g u r a t i o n  i t  a l s o  i n c l u d e d  t h e  t r a n s m i t t e d  l e f t - h a n d  

c i r c u l a r l y  p o l a r i z e d  r a d i a t i o n  which does  n o t  i n t e r a c t  

s t r o n g l y  w i t h  t h e  m a g n e t i z a t i o n .  

The i t r a n s m i s s i o n  measurements made i n  t h e  v i c i n i t y .  of  

t h e  C u r i e  t e m p e r a t u r e  were  i n f l u e n c e d  by two e f f e c t s  which 

were n e g l i g i b l e  a t  lower  t e m p e r a t u r e s .  F i r s t ,  t h e  magni tude  

of  t h e  m a g n e t i z a t i o n  was magne t i c  f i e l d  dependen t  and ,  second ,  

t h e r e  was s i g n i f i c a n t  t r a n s m i s s i o n  th rough  t h e  sample  f o r  

a l l  v a l b e s  o f  a p p l i e d  magne t i c  f i e l d .  These two e f f e c t s  

were a l l o w e d  f o r  by i n t r o d u c i n g  t h e  A r r o t t  and Noakes 

(1967) e q u a t i o n  o f  s t a t e  f o r  n i c k e l  i n t o  t h e  a n a l y s i s  and 

b y  i n t r o d u c i n g  a n  a r b i t r a r y  z e r o  l e v e l  i n t o  b o t h  t h e  

t r a n s m i s s i o n  measufements and t h e  c a l c u l a t i o n s .  



4 . 2 ~ -  The Role o f  S t r a i n  j2 
- 

The sample; were s t r a i n e d  d u r i n g  t h e  measurements  

b e c a u s e  t h e  t h e r m a l  e x p a n s i o n  o f  t h e  n i c k e l  was l e s s  t h a n  t h a t  

o f  t h e  b r a s s  o r  o f  thea t a in , l e s s  s t e e l  c a v i t i e s .  I n  o r d e r  t o  r 
o b t a i n  t h e  v a l u e s  o f  t h e  m a g d e t o s t r i c t i v e  d e m a g n e t i z a t i o n  

f a c t o r s  a p p r o p r i a t e  t o  t h e  18  mm s a m p b  t h e  f o l l o w i n g  s t r e s s -  

s t r a i n  h i s t o r y  was assumed. ( a )  The sample  was u n s t r a i n e d  * 
u n t i l  i t  r 'eached 120•‹C, whereupon i t  c e a s e d  t o  s l i p  r e l a t i v e  

t o  t h e  c a v i t i e s .  T h i s  a s sumpt ion  was s u p p o r t e d  by t h e  f a c t  
9 

t h a t  t h e r e  was microwave l e a k a g e  around t h e  sample f o r  t h e  

measurements up t o  100•‹C and n o t  f o r  t h e  measurement a t  120•‹C. 
Z 

T h i s  i n d i c a t e d  t h a t  t h e  ,sample was n o t  g r i p p e d  t i g h t l y  by 

t h e  c a v i t i e s  u n t i l  t h e  t e m p e r a t u r e  r eached  120•‹C. A l s o ,  t h e  

a p p a r a t u s  was l e f t  a t  120•‹C f o r  one week b e f o r e  t h e  

- t r a n s m i s s i o n  measurements  were made. ( b )  Upon i n c r e a s i n g  

t h e  t e m p e r a t u r e  b e y o n d l Z O • ‹ C t h e  . s t r e s s  was p r o p o r t i o n a l  t o  
, ' - 

t h e  s t r a i n  u n t i l  t h e  s tress r e a c h e d  t h e  y i e l d  s t r e n g t h .  

T h e r e a f t e r  t h e  s t r e s s  remained c o n s t a n t  t o  t h e  h i g h e s t  

t e m p e r a t u r e  r e a c h e d .  Creep was n e g l e c t e d .  ( c )  The s t r e s s  

decreased.proportional ly  w i t h  hh& s t r a i n  w i t h  d e c r e a s h g  

t e G e r a t u r e  u n t i l  t h e  s tress r e a c h e d - z e r o .  (d )  A t  t h i s  

p o i n t  t h e  sample was assumed p o t  t o  be  a b l e  t o  s u p p o r t  a  

c o m p r e s s i o n a l  s tress b u t  t o  bend i n s t e a d .  A s  t h e  . t e m p e r a t u r e  . 
d e c r e a s e d  t o  room t e m p e r a t u r e  t h e  sample b e n t  f u r t h e r  b u t  was 

n e a r l y  stress free. (When t h e  a p p a f a t u s  was d i s a s s e m b l e d  - e 

t h e  s a m p l e ~ w a s  i n d e e d  o b s e r v e d  t o  be p e r m a n e n t l y  deformed 



into a difh shape.) 
I 

.The magnetostrictive demagnetization factorsfsf the 18mm - e 

sample were calculated from the elastic constants of.nicke1 . 
(Simmons and Wang 1971) and from the strain found from the . * 
differential thermal expansion of nickel and stainless steel 

(Thermophysical prope;ties of High Temperature Solid 

 ater rials 1967). The yield strength of annealed hickel was 

taken to be 8,500 psi (Metals Handbook 1961). The tempera'ture 

dependent value of the magnetostrictive constant used in 
\ 4 

calculating ihe demagnetization factors was taken from Birss H 

and Lee (1960). The magnetization was treated as a parameter 

to be found, as indicated in-~C'ction 4.2a. 

The primary effect of the stress was to shif-t the 

position of the peak transmission ampliZyde by +(3ASo/Mo) 
\ 

- \ 
gauss7 in the perpendicular configuration and by - (3Asu/2MO) . ' 

gauss in the parallel configuration. (See Appendix I.) . 
Fig. 4.4 shows the magnitude of the shift in the perpendicular 

configuration as a functiofi of temperature. It is clear ,that 

magnetostrictive fields approachi' lOOG were present in 
'" 

* 
the nickel sample. 

The effect of strain in the sample was to alter the 

position of the transmission peak in both the parallel and - .. 
perpendicular configurations. The gjfactor and magnetization 

extracted from experiment were dependent on these peak . a 

7 ~ e r e  )is is the magnetostrictive konstant and u is the 
magnitude of the uniforb planar stress in the sample. a is 
the conventional symbol for.stress and js not to be confused 
with the conductivity. 



, * 
F i g .  4 . 4 :  The calculated shift of the position of 

the F W R  peak in the perpendicular configuration 
" 4 I 

caused by thermal strain v s .  temperature. 

The arrows indicate the cycle this shift followed 

as the sample was heated and cooled. The sampfe 

w &  assumed to be unstrained at the point labelled "A". 
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p o s i t i o n s .  I n  t h e  f o l l o w i n g  s e c t i o n s  r e s u l t s  f o r  t h e  

g -  f a c t o r  and  m a g n e t i z a i i o n  o b t a i n e d  b o t h  w i t h  and  w i t h o u t  

a l l o w i n g  f o r  t h e  e f f e c t  o f  s t r a i n  a r e  p r e s e n t e d .    he 

s t r a i n  p l a y e d  no r o l e  i n  d e t e r m i n i n g  t h e  damping p a r a m e t e r  

e x t r a c t e d  from t h e  d a t a .  
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4.3a Results : ' .  Damping Parameter from Transmission Lineshapes 

The Landau-Lifshitz damping parameter for both the 16 

and 18 mm samples, determined from the curve-fitting procedure 

described above is plotted against temperature in Fig. 4.5.. 

For temperatures above 100•‹C, but below Tc, a change of 4 % -  in 

the damping parameter resulted in noticeably poorer agreement 
\ 

between the calculated and measured transmission lineshapes. 

There could also be a systematic error in the damping parameter 

of 3% due to uncertainties in the measurement of resistivity 

and thickness of the specimens. Below 100•‹C comparison of theory 

and experiment for the 18 mm specimen was made difficult by 

microwave leakage around the sample. This problem was al- 

leviated at higher temperatures partly because the 

transmission amplitude increased and partly because the 

specimen became sintered to the stainless steel cavities. 
, 

There was no perceptible leakage around the 16 mm sample. 

The magnetic anisotropy of nickel tended to broaden the 

observed transmission lineshapes and, since this broadening 

was not taken into account in the theoretical ca'lculation, 

the damping parameter obtaineq by comparing the calculation 

with experiment overestimated the intrinsic damping in the 

sample. Fortunately, this effect due to anisotropy was only 

significant for temperatures Iess than 100•‹C. (See Fig. 4.5.) 

Neglecting the data for temperatures less than 100•‹C, t h e  

Landau-Lifshitz damping parameter as determined from the FMAR 

transmission measurements had the temperature 'independent 
w. 



1 Configuration I 18 mm Sample o II Conf~gurat~on 

i 
A I Conf~gbrat~on 1 16mm Sample 
v .  II Configuration 

TEMPERATURE (OC) 
Fig .  4 . 5 :  Landau-Lifshitz damping parameter for  n icke l  as  a  

function o f  temperature. The error bars s i g n i f y  the limits 

t o  which A could b e  varied without r e s u l t i n g  i n  t o t a l l y  unac- 
- 

ceptable f i t s  between calculat'ed and .measured l ineshapes .  



8 - 1 value A = 2.45 +.l 10 sec . This is comparable to the 
- 

8 !1 values x = 2.3 x 10 sec (Bhagat and Chichlis 1969, Anders 

, e t  al. 1971) and A = 2.5 x 10 8 sec" (Rodbell 1964) obtained 

frgm FFR measurements on carefully prepared nickel sing(le 

I crystals and platelets. In particular, the damping parameter . 
observed in the present work was constant in the temperature 

2 

range 3000 to 364•‹C. This observation is contrary to previous 

deductions made from FMR measurements which indicated that 
Y 

the 6amping pqameteradecreased by a factor of two in this 

temperature range (Bhagat and Chichlis 1969, Bhagat and 
/ 

Rothstein 1971). Bhagat and R o t h ~ t e i ~ f o u n d  that none of the . 

damping terms in Equation (2.9) adequately described their 

9.4 GHz-FMR data near the Curie temperature. They suggested 

that fluctuation effects may be important. The data here 

indicate that FMAR measurements are insensitive to whatever 

mechanism causes the' FMR linewidths near T to be narrower 
C 

than that which one would expect from a temperature indepen- 

dent damping. 

The experimental lineshapes could be fitted equally well 

using either the Gilbert, the Bloembergen, or the Landau- 

Lifshitz form of damping. The best-fitting'~ilb;rt damping 

parameter was numerically equal to the-best-fitting 

Landau-Lifshitz damping parameter at all temperatures below 

Tc and slightly larger just above Tc. (See Table 4.2.) The 

Bloembergen dampi.ng parameter obtained for the 18 mm sample 

is plotted as a function of temperature in Fig. 4. 6. From 
r 

Fig. 4.6 it is clear that the value of the Bloembergen 



TABLE 4 . 2  

Parameters determined Prom fitting the experimental data 

with the phenomenoldgical theory. The data were taken at 

364OC.and are shown in Figs. 4.10 and 4.11. 

Form of Damping . Damping Parameter 
- 1 

(set > 
g- factor 

Landau-Lifshitz 2.3 + . 3  x 10 8 

' .  
Gilbert 2.5 + .3 x 10 8 

Bloembergen 3.0 + . 4  x 10 10  
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Fig. 4 . 6 :  The temperature dependence o f  the Blaembergen 
damping parameter-'which i s  required t o  fit the experirental 

1 4 -  

data for n i cke l .  Only r e s u l t s  from data taYen f o r  temperatures 
l e s s  than tk €ttrie temphatbre are shown; 'Ihe 'error bars 
s i p i f y  the 1i.i- t o  rhicl-I/r e ~ u l & ; k  yr&d r i t h d d t a s u l  t- 

ing i n  t o t a l l y  unacceptable f i ts  between calculated and 
measured lineshapes.  

'8 
r 1 -  

- 
1 Conftguration 

, 0 ll Conf~guratlon o - 6  
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damping parameter required  to  f i t  t h e  data  was q~rk;aly 

temperature ,dependent .  aa"' ' 

I n  summary, r h e  l i n e w i d t h ' o ' f  the  FMAR t r a n s m i s s i o n  d a t a  
1 .-. 

- wasrmost s i & l y  d e s c r i b e d  by a teihperature independent .. :, 
' / . . 

8 - 1 .  9 .  ~ a n d a u - . ~ i f s h i i r  damping pararneler o f  2 . 4 5  1 . 1  x 10 s e c  . B 

The Bloembergen 'damping parameter d e s c r i b e d  sthe data  s q u a l l y  L 

w e l l  but t h i s  damping parameter was found t o  be  temperature 
% 

- 1 

dependent.  jrl - . & 

0 * .. 



4 . 3 b  Results: Damping Parameter and the Maxim& Transmission 

Amplitude ' 

We @ere able to Hteasure the variation of -the n\axiqwnr - - - 
4 

. - - . '  

). t ransmiss ion~ 'a inp1i tude  at FMAR as,, a fwnction ,of .temperature. 
2 i. 

L .  . - 3  . I 

J ' * v  . 

Fig. 4.7 is a blot of this maximum amplitude verbuS temperature 
--- 

fir the polyd$;'taiiine 18 mm sHrnple. The scale foi the experi- 
P 

* ~ . - *  9 ' - mental points was determined by assigning the maximum amplitude 

-'.at 257'C the value 1.0, all other amplitudes are plotted 

&lative to this transmi tte'd ampditude . The frequency depen- 
' 9  . . 

- Y 

dent,  response^. of the microwave detection system was eliminated 
d : 

k \ 
a' 

by using two stainless steel cavities which could be tuned to 

the same resonant frequency ov;r a wide temperature range. . ( ,  

This eliminated the primary source of error in such a measure- 

ment. The maximum amplitude at any one 'temperature was 

reproducible to =5%. Additionally, microwave leakage intro- 

duced some error into the measurements below 100•‹C (k 5 3  ig the' 

,perpendicular configuration, -108 in the parallel configura- 

tion) and the uncertainty in the cavity Q-factor. introduced 

- an error of ~ 6 %  at the highest temperature reached. For the 

measurement at 257OC the peak power detected (perpendicular 

configuration) was found to be 3 x 10 'I2 watts ' (R.F. .magnetic 
fleld amplitude along the axis of the waveguide = 2.1 x 10-'oe). 

for an input power of 160 mW. This corresponded to a signal 

w The transmission amplitude calculated from theory predicted 
a peak transmitted power of 5 x lo-* watts for this level 
of.power input. Waveguide losses were included in computing 
this transmitted power. See Cochran et al. (1977a) for s 

. disucssion on the calculation.of absolute values of 
transmitted power. 

0 



3 
;: - 

to noise ratio of 2 x 10 in the amplitude 4 -: of the transmitted; 

signal. 
rn 

The maximum transmission increased as the tempefature 
- 

- 5  . 
increased from -om temperature because the siutple.rcsistivity 

P I  & * 

increased, thereby ca;sing a decrease in the rotal" . number of ' 

skin depths in the sample thickness; However, above 250~~'-' 'B + 

the' magnetization decreased rapidiy%ith teqperature and fhis 

caused the maxirnum~tra~smission to fall to a live1 comparable 

with that observed in sk?n depth.modulated electron spfn 

resonance transmission. 

The solid lines in Fig. 3.7 were generated from maximum 
8 -1 

transmiss;ion amplitudes calculated using X = 2.45 x 10 sec , 

g = 2.187, and the magnetization appropriate for the 18 mm 

sample. Stress effects were included. The calculated curves 

were normalized by assigning the peak tr-ansmission in the 

perpendicular configuration the value 1.0 ? The shape of the 

curves in Fig. 4 0 7  was found to be insensitive to the g- 

factor used in their calcul'ation; however, the shape was 

sensitive to variations with temperature of the damping 
9 

parameter. Consider, for illustrative purposes, a hypothetical 

temperature dependence of the dampiv of the form: 

1.46 x 10'' sec - 1 X = ( 4 . 4 )  
(T + 340) 

 he calculated ratio between the maximum transmitted 
amplitudes in the perpendicular and parallel configurations 
agreed with the experimentally observed ratio. See Cochran 
et al. (1977a) for a discussion of this ratio. 



F i g .  4 . 7 :  Maximum t r a n s m i s s i o n  a m p l i t u d e  a t  FMAR p l o t t e d  

as a  f u n c t i o n  o f  t e m p e r a t u r e .  E x p e r i m e n t a l  p o i n t s  a re  d a t a  

t a k e n  f o r  t h e  1 8  n s a m p l e .  The . s o l i d  l i n e s  were c a l c u l a t e d  

u s i n g  t h e  t e q e r a t u r e  i n d e p e n d e n t  damping o f  

a - 1  A = 2 . 4 5  x 10  s e c  a n d  g = 2 .187 .  The dashed  l i n e  was 

c a l c u l a t e d  u s i n g  t h e  t e m p e r a t u r e  dependen t  damping o f  

E q u a t i o n  ( 4 . 4 ) .  S t r e s s  e f f e c t s  were i n c l u d e d .  These 

c a l c u l a t e d  l i n e s  were n o r u l i z e d  by r e q u i r i n g  t h e  peak 

t r a n s m i t t e d  q l i t u d e  i n  t h e  p e r p e n d i c u l a r  c o n f i g u r a t i o n  t o  

be  1 . 0 .  The e r r o r  b a r s  r e f l e c t  t h e  u n c e r t a i n t y  i n  t h e  g a i n  

o f  t h e  d e p c t i o n  s y s t e m ,  t h e  u n c e r t a i n t y  i n  t h e  t e m p e r a t u r e  

dcpendea/e  o f  t h e  c a v i t y  Q -  f a c t o r s ,  and t h e  c o n t r i b u t i o n s  o f  

s p u r i o u s  l e a k a g e  s i g n a l s .  
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where  T  i s  t h e  t e m p e r a t u r e  i n  d e g r e e s  C e n t i g r a d e .  

r e l a t i o n  i s  n o t  i n t e n d e d  t o  r e p r e s e n t  t h e  o b s e r v e  

i t  i s  u s e d  h e r e  o n l y  t o  i n d i c a t o  hpu a  r e a s o n a b l e  

r e l a t i v e l y  s l o w l y  v a r y i n g  t e m p e r a t u r e  depend-ent damping would 

a f f e c t  t h e  v a r i a t i o n  o f  t h e  maximum t r a n s m i t t e d  a m p l i t u d e  

w i t h  t e r n p e r a t u z e .  T h i s  damping would h a v e  t h e  v a l u e  4 . 0  

8 -1  8 - 1  8 -1  10  s e c  a t  20•‹C,  2 . 4 5  x 10 s e c  a t  25S•‹C, and  2 . 2  x 1 0  s e c  

a t  320•‹C. The d a s h e d  l i n e  i n  F i g .  4 . 7  i s  a p l o t  o f  t h e  maximum 

t r a n s m i s s i o n  a m p l i t u d e  i n  t h e  p e r p e n d i c u l a r  c o n f i g u r a t i o n  

v e r s u s  t e m p e r a t u r e  c a l c u l a t e d  u s i n g  t h i s  t e m p e r a t u r e  'dependence  

o f  A ;  a l l  b t h e r  p a r a m e t e r s  a r e  t h e  Same a s  were  u s e d  t o  c a l - .  

c u l a t e  t h e  s o l i d  c u r v e s .  I t  i s  o b v i o u s  t h a t  t h i s  t e m p e r a t u r e  
L 

d e p e n d e n t  damping f a c t o r  g i v e s  a  v e r y  p o o r  f i t  t o  t h e  

e x p e r i m e n t a l  d a t a .  I n  p a r t i c u l a r ,  i f  t h e  damping p a r a m e t e r  o f  

8 - 1  n i c k e l  d i d  d e c r e a s e  a b o u t '  0 . 2 5  x 10 s e c  be tween  255•‹C and  

350•‹C, t h e  t r a n s m i s s i m ~ e ~ r  350•‹C r e l a t i v e  t o  t h e  % r a n s m i s s i o n  

a t  250•‹C would h a v e  b e e n  a b o u t  a  f a c t o r  o f  two g r e a t e r  t h a n  

t h e  e x p e r i m e n t a l l y  o b s e r v e d  r a t i o .  T h i s  i s  s t r o n g  e v i d e n c e  

t h a t  t h e  L a n d a u - L i f s h i t z  damping p a r a m e t e r  r e q u i r e d  t o  f i t  

o u r  d a t a  v a r i e s  v e r y  l i t t l e  w i t h  t e m p e r a t u r e  i n  t h e  r a n g e  3 0 "  



4 . 3 ~  R e s u l t s :  g - f a c t o r  

The g - f a c t o r  was e x t r a c t e d  from t h e  t r a n s m i s s i o n  d a t a  - 
i n  t h e  manner d e s c r i b e d  i n  s e c t i o n  4 . 2 .  I n  F i g .  4 . 8  t h e  

g - f a c t o r  f o r  t h e  p o l y c r y s t a l l i n e  18  mm s ample  i s  shown a s  a 
1 

f u n c t i o n  o f  t e m p e r a t u r e .  Va lues  o f  t h e  g - f a c t o r  found  b o t h  

w i t h  ( f i l l s d  symbo l s )  and  w i t h o u t  (open  symbo l s )  u s i n g  

m a g n e t o s t r i c t i v e  d e m a g n e t i z a t i o n  f a c t o r s  a r e  p l o t t e d .  N o t i c e  
e / 
t h a t  i n  t h e  c a s e  i n  which  t h e  m a g n e t o s t r i c t i v e  d e m a g n e t i z a t i o n  

f a c t o r s  a r e  employed t h e  g - f a c t o r  f o r  t h e  measurement  a t  

224•‹C10, w i t h  t e m p e r a t u r e  d e c r e ' a s i n g ,  l i e s  f a r  f rom t h e  g -  

f a c t o r s  found  f rom t h e  d a t a  t a k e n  w i t h  t h e  t e m p e r a t u r e  

i n c r e a s i n g .  T h i s  d i s c r e p a n c y  i s  removed when t h e  magneto-  

s t r i c t i v e  d e m a n g e t i z a t i o n  f a c t o r s  a r e  i n v o k e d .  The d a t a  

i n d i c a t e  t h a t  t h e  g - f a c t o r  f o r  o u r  s ample  h a d  t h e  t e m p e r a t u r e  

i n d e p e n d e n t  v a l u e  o f  2 .187  + . 0 0 5 .  P r e v i o u s l y  r e p o r t e d  g -  
I 

f a c t o r s  were  2 . 2 2  2 . 0 3  ( R o d b e l l  1964 ,  1965)  and  2 . 2 1  (Bhaga t  

and  C h i c k l i s  1 9 6 9 ) .  

u ~ h e  t r a n s m i s s i o n  measurements  a t  224OC a r e  shown i n  F i g s .  1 . 1  
and  1 . 2 .  \ 



Fig. 4.8: The g-factor of nickel plotted as a function , 

'of temperatures for the 18 mm sample. The unfilled 

symbols indicate the g-factor determined from the 

experimental transmission data using the Landau-Lifshitz 

damping parameter without considering stress effects. 

Filled symbils represent the g-factors found with 

stress effects included. The error bars represent the 

r u s e  through which the g-factor could be varied without 

resulting in totally unacceptable fits between the 

calculated and measured transmission line positions. 

The error bars have been left off the filled symbols 

for clarity . 
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4 .3d  R e s u l t s  : T r a n s m i s s i o n  above  Tc 
/-'- 

I t  i s  n o t a b l e  t h a t  f o r t e m p e r a t u r e s  s l i g h t l y  above  t h e  

C u r i e  t e m p e r a t u r e  t h e r e  i s  no FMAR e f f e c t .  The m a g n e t i z a t i o n ,  

M o ,  becomes s o  s m a l l  t h a t  a t  no  v a l u e  o f  t h e  e x t e r n a l  f i e l d  

d o e s  t h e  r e a l  p a r t  o f  t h e  dynamic p e r m e a b i l i t y  a t  24 G H z  

become z e r o .  T h i s  i s  t h e  reg ime which  c o r r e s p o n d s  t o  t h e  

o r i g i n a l  work on g a d o l i n i u m  r e p o r t e d  by Lewis e t  a l .  (1966)  

and  c o r r e c t l y  e x p l a i n e d  by VanderVen ( 1 9 6 7 ) .  F i g .  4 . 9  shows 
-. % 

a  f a m i l y  o f  c a l c u l a t e d  p e r m e a b i 1 i t i e . s  v e r s u s  a p p l i e d  m a g n e t i c  

f i e l d  f o r  t e m p e r a t u r e s  n e a r  T c .  For  n i c k e l  a t  2 4  G H z  t h e  FMAR 

d i s a p p e a r s  be tween  354" and  356•‹C. 

F i g s .  4 . 1 0  and  4 . 1 1  show t h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  

t r a n s m i s s i o n  a m p l i t u d e  v e r s u s  m a g n e t i c  f i e l d  f o r  t h e  18  mm 

s ample  a t  364OC. The s i g n a l  a m p l i t u d e  was much s m a l l e r  a t  

t h i s  t e m p e r a t u r e  t h a n  be low Tc;  i n  f a c t ,  t h e  p e a k  a m p l i t u d e  

i n  t h e  p e r p e n d i c u l a r  c o n f i g u r a t i o n  c o r r e s p o n d e d  t o  a  d e t e c t e d  

power o f  4 x 10 - I 6  w a t t s .  ( A  s y s t e m  t i m e  c o n s t a n t  o f  0 . 3  

s e c o n d s  was u s e d  i n  t a k i n g  t h i s  d a t a . )  

The g - f a c t o r  r e q u i r e d  t o  f i t  t h e  d a t a  a t  364•‹C was 

d e p e n d e n t  on t h e  form o f  damping c o n s i d e r e d  i n  t h e  e q u a t i o n  

o f  m o t i o q  f o r  t h e  m a g n e t i z a t i o n ,  E q u a t i o n  ( 2 . 9 ) .  (See  

T a b l e  4 . 2  . )  Salamon (1967)  n o t e d  t h a t  t h e  g - f a c t o r  found  

u s i n g  t h e  Bloembergen form o f  damping t o  a n a l y z e  h i s  FMAR 

d a t a - c h a n g e d  f rom 2 . 2 1  be low Tc  t o  2 .29 above  T c .  The g-  

f a c t o r  e x t r a c t e d  from t h e  FMAR t r a n s m i s s i o n  d a t a  shown i n  

F i g .  4 . 1 1  u s i n g  t h e  Bloembergen form o f  damping was 2 . 2 7 ,  and  



Fig. 4.9: - Calculated permeability (at 24 GHz) of nickel 

vs. magnetic field applied in the perpendicular 

configuration. The low field zero crossing of the real 

part of the permeability characterizes FMAR. The real 

part of the permeability is 1.0 at FMR. A Landau-Lifshitz 
8 - 1  damping of 2.45 x 10 sec and a Curie temperature of 

354•‹C were used in the calculation. 



F i g .  4 . 9  



Fig. 4.10: Transmission amplitude as a function of magnetic 
, 

field for the 18 mm sample in the parallel configuration. 

Dotted symbols represent the experimentally measured trans- 

mission amplitude. The data were taken at 3 6 4 • ‹ C .  The scale 

for the transmission amplitude refers to the longitudinal 

RF magnetic field for the TE 
1,o 

mode of the waveguide. The 

calculated transmission curves (solid lines) have been 

nornnlired to an RF magnetic field amplitude for 3.24 x 

oe.  This corresponds to a detected power of 6.9 x 10 - 16 

watts. A resistivity of 29. watts. A resistivity 

. of 29.6 x ncn was used in these calculations. Curve 

8 -1 ( a )  is the calculated transmission for X = 2.3 x 10 sec and 

g = 2.20. Curves (b), (c) and (d) have had a vector baseline 

subtracted equal to the transnission at 11 kOe. Parameters 

8 -1 8 -1 are: (b) A = 2.1 x 10 sec , g = 2.21; (c) A = 2.3 x 10 sec , 
8 -1 g * 2.20; (d) X = 2.5 x 10 sec , g = 2.19. 



F i g .  4 . 1 0  



Fig. 4.11: Transmission amplitude as a function of magnetic 

field for the 18 wm sample in the perpendicular configuration. 

The data were taken at 364•‹C. The scale for the transmission 

%amplitude refers to the longitudinal RF magnetic field for 

the TE 
190 

-mode of the waveguide. Calculated curves hav6 been 

normalized to an RF magnetic field amplitude of 2 . 3 8  x 
4 

oe. This corresponds to a detected power of 3.7 x 10 watts. 

A resistivity of 29.6 x Qcm was used in these calcula- 

tions. Curve (a) is the calculated transmission for 
8 A = 2.3 x 10 sec- '  and g - 2.20. Curves (b), (c) and (d) 

have had a vector baseline subtracted equal to the transmission 
8 -1 at 11 kOe. Parameters are: (b) X = 2.1 x 10 sec , g = 2.21; 

8 -1 8  -1 (c) A = 2.3 x 10 sec , g = 2 . , 2 0 ;  (d) A = 2.5 x 10 sec , 
g = 2'. 19. 

% 



F i g .  4 . 1 1  
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u s i n g  t h e  G i l b e r t  form o f  damping was 2 . 3 0 .  T h i s  was a  

m a r w i n c r e a s e  o v e r  t h e  v a l u e  f.ound f o r  t h e  g - f a c t o r  a t  

t e m p e r a t u r e s  l e s s  t h a n  T~~ . However, t h e  g - f a c t o r  e x t r a c t e d  

from t h e  e x p e r i m e n t a l  d a t a  u s i n g  t h e  L a n d a u - L i f s h i t z  damping 

p a r a m e t e r  w a s , e s s e n t i a l l y  t h e  same a t  364OC (g  = 2 . 2 0 )  a s  i t  

was below T c .  Thus t h e  d e t e r m i n a t i o n  o f  t h e  g - f a c t o r  from t h e  - L 

d a t a  c o l l e c t e d  above Tc was c l e a r l y  dependent  upon t h e  form 

o f  damping used i n  t h e  e q u a t i o n  o f  motion f o r  t h e  magne t i za -  
'r 

C 

t i o n .  

 h he r e s u l t  t h a t  t h e  g-  f a c t o r  o b t a i n e d  u s i n g  t h e  . ~ a n d a u  
r 

L i f s h i t z  damping term i n  t h e  eqGat ion  o f  motion f o r  t h e  

magne t i z  / i o n  was t e m p e r a t u r e  independen t  o v e r  t h e  range  

30•‹C t o  364•‹C i s  t h e  s i m p l e s t  d e s c r i p t i o n  o f  t h e  g - f a c t o r  

e x t r a c t e d  from t h e  FMAR t r a n s m i s s i o n  measurements r e p o r t e d  

h e r e .  This  r e s u l t ,  t a k e n  w i t h  t h e  r e s u l t  t h a t  t h e  Landau- 

L i f s h i t z  damping p a r a m e t e r  i s  a l s o  c o n s t a n t  o v e r  t h i s  

t e m p e r a t u r e  r a n g e ,  s u g g e s t s  t h a t  t h e  band ;$ructurq  which 

d e t e r m i n e s  t h e  g - f a c t o r  i s  a l s o  tempera ' ture  i n d e p e n d e n t  o v e r  
b 

t h i s  t d m p e r a t u r e  r a n g e .  

U s t r e s s  e f b c t s  were n o t  t a k e n  i n t o  a c c o u n t  above Tc. Tho 
m a g n e t o s t r i c t i o n  c o n s t a n t  a t  t h e s e  t e m p e r a t u r e s  v a r i e d  
a p p r e c i a b l y  w i t h  a p p l i e d  magne t i c  f i e l d .  I n  any c a s e  t h e  
s h i f t s  ip  t h e  a p p a r e n t  g - f a c t o r  caused  by m a g n e t o s t r i c t i v e  - 
e f f e c t s  were o f  t h e  o r d e r  o f  t h e  u n c e r t a i n t y  i n  t h e  g - f a c t ~ r .  

s 

. . 



4 . 3 e  R e s u l t s :  ! - f a g n e t i z a t i o n  

The m a g n e t i z a t i o n  f o r  t h e  1 8  mm s a m p l e  a b o v e  1 0 0 • ‹ C  was  

d e t e r m i n e d  b o t h  k - i t h - a n d  ~ i t h o u t  t a k i n g  m a g n e t o s t r i c t i v e  

e f f e c t s  i n t o  a c c o u n t .  T h e s e  m a g n e t i z a t i o n s  a r e  p l o t t e d  i n  

F i g .  4 . 1 2 .  Open s y c b o l s  a r e  f o r  m a g n e t i z a t i o n s  d e t e r m i n e d  

w i t h o u t  c o n s i d e r i n g  s t r e s s  e f f e c t s ;  f i l l e d  s y m b o l s  a r e  f o r  

r r . a g n e t i z a t i o n 5  f o u n d  b y  i n c l u d i n g  s t r e s s  e f f e c t s .  The  s o l i d  

l i n e  i n  F i g .  4 . 1 2  i~ t h e  m a g n e t i z a t i o n  o f  n i ~ k e l ,  a t  t h e  

a p p r o p r i a t e  i n t e r n a l  f i e l d ,  i n t e r p o l a t e d  f r o m  t h e  d 4 t a  o f  

h e l s s  a n d  I o r r e r  1 3 2 6 ) .  I t  i s  c l e a r  t h a t  t h e  i n c l u s i o n  o f  

s t r e s s  e f f e c t s  i a p r o v e s  t h e  a g r e e m e n t  b e t k e e n  v a l u e s  f o r  

t h e  r ~ a g n e t i z a t i o n  o f  o u r  1 8  mm s a m p l e  a n d  t h e  m a g n e t i z a t i o n  

f 5 r  t h e  s p e c i r . e n  o f  i i e i s s  a n d  F o r r e ? .  The  f a c t  t h a t  t h e  

r a g n e t i z a t i o r  f o u n ?  f o r  t h e  1 5  mm s a m p l e  f a l l s  b e l o w  t h e  

T a g n e t i z a t i o n  c a r v e  i n t e r p o l a t e d  f r o m  t h e  d a t a  o f  h ' e i s s  a n d  

F o r r e r  i s  c h a r a c t e r i s  t - i c  o f  a l l o y e d  n i c k e l L .  

I t  was  p o s s i b l e  t o  f i n d  a  s e t  o f  p a r a m e t e r s  i n  t h e  

e q u a t i o n  o f  s t a t e  f o r  n i c k e l  a p p r o p r i a t e  f o r  t h 6  1 8  mm 

s a m p l e  u s e d  i n  t h e  t r a n s n i s s i o n  e x p e r i m e n t s  r a t h e r  t h a n  f o r  

t h a t  o f  t h e  n i c k e l  u s e d  by A r r o t t  a n d  N o a k e s  ( 1 9 6 r )  a n d  Weiss 

a n d  F o r r e r  ' 1 9 2 6 , ) .  The e x p e r i m e n t a l  d a t a  i n  t h e  i n s e t  o f  

F i g .  1 . 1 2  r e p r e s e n t  t h e  m a g n e t i z a t i o n s  r e q u i r e d  t o  f i t  t h e  

c a l c u l a t e d  p o s i t i o n s  o f  t h e  t r a n s m i s s i o n  c u r v e s  t o  t h e  

e x p e r i m e n t a l  o n e s .  The t e m p e r a t u r e s  on t h e  g r a p h  w e r e  

m e a s u r e d  u s i n g  t h e  t h e r m o c o u p l e  a t t a c h e d  t o  t h e  c a v i t i e s .  T h e  

e x ~ e r i m e n t a l  v a l u e  o f  t h e  C u r i e  t e m p e r a t u r e ,  f o u n d  f r o m  



Fig. 4.12: Magnetization of the 18 mm sample as a 

function of temperature. The sample was heated from 30" 

to 364•‹C and then cooled. Open symbols show the 

magnetization for this cycle found by neglecting stress 

effects.   he' filled symbols indicate the magnetization 

found when the stress effects were taken into account. 

The solid line is the magnetization, at the appropriate 

internal field, interpolated from the data of Weiss and 

Forrer (1926). Above 330•‹C the magnetization of Weiss 

and Forrer is identical with the magnetization given by 

the Arrott and Noakes equation of state for nickel, 

Equation (4.2) with Tc = 354OC, T1 = 0.309•‹C, M1 

39.5 G, 6 = 1.31, and B = 0.3864. The dashed line 

in the inset is from Equation (4.2) with a lower value 

of M1, i.e. M1 = 37.0 G, and Tc, TI, 6, B as above. 



0 Temp. Increasing 

Temp. Decreasing 

A Stress Corrected 

Not Stress 

1 Corrected 

* 0 Temperature ( C) 

Fig. 4 . 1 2  



r e s i s t i v i t y  m e a s u r e m e n t s ,  c o i n c i d e d  w i t h  t h e  Tc o f  3 5 4 O C  

o b t a i n e d  by Weiss a n d  F o r r e r .  E q u a t i o n  ( 4 . 2 )  c a n  b e  f i t t e d  

t o  t h i s  d a t a  by  t a k i n g  t h e  c r i t i c a l  e x p o n e n t s  a n d  T t o  b e  
1 

f i x e d  a t  t h e  A r r o t t  a n d  S o a k e s  v a l u e s  a n d  by a l t e r i n g  M1 t o  

f i t  t h e  d a t a .  The d a s h e d  c u r v e  i n  F i g .  4 . 1 2  was p l o t t e d  

u s i n g  E q u a t i o n  ( 3 . 2 )  f o r  t h e  a p p r o p r i a t e  i n t e r n a l  f i e l d ,  

H ,  a n d  Tc = 354OC, Tl = 0.309OC. a n d  M1 = 3 7 . 0  g a u s s .  A 

s i m i l a r  c u r v e  w i t h  51 = 3 8 . 5  g a u s s  w o u l d  f i t  t h e  d a t a  w i t h  1 

s t r a i n  e f f e c t s  t a k e n  i n t o  a c c o u n t .  ( T h e  s o l i d  l i n e  i n  t h e  

i n s e t  o f  F i g .  4 . 1 2  i s  i n t e r p o l a t e d  f r o m  t h e  d a t a  o f  W e i s s  a n d  

F o r r e r  a n d  i s  i d e n t i c a l  t o  E q u a t i o n  ( 4 . 2 )  p l o t t e d  w i t h  t h e  

A r r o t t  a n d  Noakes  v a l u e s  f o r  T1 a n d  MI . )  The t r a n s m i s s i o n  

d a t a  f o r  t h e  1 8  mrn s a m p l e  a t  e a c h  t e m p e r a t u r e  n e a r  T w e r e  
C 

r e f i t t e d  u s i n g  t h e  v a l u e  o f  M1 a p p r o p r i a t e  t o  o u r  s a m p l e ,  i . e .  

t h e  g - f a c t o r ,  damping  p a r a m e t e r ,  a n d  m a g n e t i z a t i o n  w e r e  f o u n d  

s e l f - c o n s i s t e n t l y .  I t  i s  t h e s e  r e s u l t s  w h i c h  a r e  p l o t t e d  

i n  F i g s .  4 . 1 0  a n d  4 . 1 1  a n d  q u o t e d  i n  T a b l e  4 . 2 .  

The r e s u l t s  f o r  t h e  m a g n e t i z a t i o n  o f  t h e  1 8  mm s a m p l e  

a r e  n o t  i n  t h e m s e l v e s  r e m a r k a b l e .  However ,  t h e  s m o o t h n e s s  

o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s t r e s s  c o r r e c t e d  

m a g n e t i z a t i o n  i s  e v i d e n c e  t h a t  t h e  m a g n e t o s t r i c t i v e  e f f e c t s  

h a v e  b e e n  a d e q u a t e l y  d e s c r i b e d .  T h i s  l e n d s  c o n f i d e n c e  t o  

t h e  r e s u l t s  o b t a i n e d  f o r  t h e  g -  f a c t o r .  



C h a p t e r  5 

NICKEL SINGLE CRYSTAL MEASUREMENTS 

Microwave t r a n s m i s s i o n  measurements  were  made on n i c k e l  

s i n g l e  c r y s t a l s  i n  t h e  t e m p e r a t u r e  r a n g e  4K t o  300K. These  

measurements  were  m o t i v a t e d  by t h e  d e s i r e  t o  d e t e r m i n e  t h e  

v a r i a t i o n  o f  t h e .  m a g n e t i c  damping p a r a m e t e r  o v e r  t h e  t e m p e r a -  

t u r e  r a n g e  which  Bhaga t  and  Hirst  (1966)  o b s e r v e d  t h e  damping 

t o  i n c r e a s e  by a  f a c t o r  o f  s i x .  As s t a t e d  i n  C h a p t e r  1 ,  t h e  

i n t e r p r e t a t i o n  of  t h e  FMR e x p e r i m e n t  o f  Bhagat  and  Hirs t  was 

c o m p l i c a t e d  by t h e  o n s e t  o f  t h e  anomalous s k i n  e f f e c t  r eg ime  

c o n c u r r e n t l y  w i t h  t h e  i n c r e a s e  o f  t h e  damping p a r a m e t e r .  The 

m a g n e t i c  damping p a r a m e t e r  r e s u l t s  p r e s e n t e d  h e r e  were  o b t a i n e d  

o v e r  a  t e m p e r a t u r e  r a n g e  f o r  which t h e  u s u a l  l o c a l  c o n d u c t i v i t y  

was a p p r o p r i a t e .  The damping p a r a m e t e r  d i d  i n  f a c t  i n c r e a s e  

d r a m a t i c a l l y  a s  t h e  t e m p e r a t u r e  was lowered  from room 

t e m p e r a t u r e  t o  120K. 

A new peak  was o b s e r v e d  i n  t h e  m a g n e t i c  f i e l d  d e p e n d e n t  

microwave t r a n s m i s s i o n  t h r o u g h  n i c k e l .  T h i s  peak  o c c u r r e d  

a t  a n  a p p l i e d  m a g n e t i c  f i e l d  which c o r r e s p o n d e d  t o  FMR. The 

p e a k  was o b s e r v e d  o n l y  a t  t e m p e r a t u r e s  f o r  which  t h e  n i c k e l  

was i n  t h e  anomalous  ' s k i n  e f f e c t  r6g ime .  A d d i t i o n a l l y ,  a  

s i g n i f i c a n t  m a g n e t i c  f i e l d  i n d e p e n d e n t  microwave s i g n a l  was 

t r a n s m i t t e d  t h r o u g h  t h e  n i c k e l  a t  t h e  l o w e s t  t e m p e r a t u r e  u s e d  

i n  t h e s e  e x p e r i m e n t s .  

T h i s  c h a p t e r  i s  o r g a n i z e d  a s  f o l l o w s .  A f t e r  a  s h o r t  

d e s c r i p t i o n  o f  t h e  s ample  p r e p a r a t i o n  t e c h n i q u e  some o f  t h e  



p r o b l e m s  i n v o l v e d  i n  low t e m p e r a t u r e  m i c r o w a v e ~ t r a n s r n i s s i o n  

measurements  a r e  d i s c u s s e d .  Nex t ,  t r a n s m i s s i o n  measurements  

f rom which t h e  m a g n e t i c  damping be tween  120K and  300K was 

o b t a i n e d  a r e  r e p o r t e d  and  d i s c u s s e d .  F i n a l l y ,  t h e  

measurements  i n  which  t h e  new t r a n s m i s s i o n  p e a k  was o b s e r v e d  

a r e  p r e s e n t e d 7  P 



, 5 . 1  S a m p l e  P r e p a r a t i o n  

Discs w e r e  s p e a k  c u t  f r o m  a  n i c k e l  s i n g l e  c r y s t a l 1  

w i t h  t h e  [ I 0 0 1  a x i s  n o r m a l  t o  t h e  p l a n e  o f  t h e  d i s c .  T h e s e  

d i s c s  w e r e  a p p r o x i m a t e l y  1 cm i n  d i a m e t e r  a n d  b e t w e e n  300bm 

a n d  400um t h i c k .  The r o u g h  s u r f a c e s  l e f t  by  t h e  s p a r k  c u t t e r  

w e r e  s m o o t h e d  on a  m e c h a n i c a l  l a p p i n g / p o l i s h i n g  a p p a r a t u s 2 .  

The f i n e s t  g r a d e  o f  p o l i s h  e m p l o y e d  was 5zm aluminum o x i d e  

4 g r i t .  A f t e r  t h i s  m e c h a n i c a l  p o l i s h i n g  s t a g e  t h e  d i s c s  w e r e  

150,m t o  200um t h i c k  k i t h  s h i n y ,  p a r a l l e l  s i d e s .  

The f i n a l  s t a g e  o f  t h i n n i n g  o f  t h e  d i s c s  down t o  l e s s  

t h a n  10pm t h i c k n e s s  was a c c o m p l i s h e d  b y  e l e c t r o p o l i s h i n g  t h e  

d i s c s  i n  a  s p e c i a l l y  d e s i g n e d  e l e c t r o p o l i s h i n g  a p p a r a t u s .  

F o r  t h e  d e t a i l s  o f  t h e  e l e c t r o p o l i s h i n g  a p p a r a t u s  a n d  p o l i s h i n g  

t e c h n i q u e  s e e  A p p e n d i x  I 1 7 .  The f i n a l  d i s c s  w e r e  3m t o  8w 

t h i c k  a n d  4 mm t o  7 rnm i n  d i a m e t e r .  J u d g i n g  f rom t h e  r a t e  a t  . a. 

~ h i c h  t h e  s a m p l e  d i a m e t e r  d e c r e a s e d  w i t h  d e c r e a s i n g  t h i c k n e s s  

i n  t h e  f i n a l  s t a g e s  o f  e l e c t r o p o l i s h i n g ,  t h e  c e n t r a l  p o r t i o n  

o f  t h e  b e s t  s a m p l e s  w e r e  u n i f o r m  i n  t h i c k n e s s  t o  a p p r o x i m a t e l y  

Each s a m p l e  d i s c  was s o l d e r e d  w i t h  i n d i u m  o v e r  a  2 . 0  rnm 

d i a m e t e r  h o l e  i n  a  g o l d  p l a t e d  n i c k e l  d i a p h r a g m .  D e t a i l s  o f  

how s a m p l e s  w i t h  d i a p h r a g m s  w e r e  i n c o r p o r a t e d  i n t o 2 - t h e  m i c r o -  

 h he m e a s u r e d  r e s i d u a l  r e s i s t i v i t y  r a t i o  f o r  t h e  s i n g l e  c r y s t a l  
I 

was 300 2 5 0 .  T h i s  i s  a  l o w e r  bound t o  t h e  i n t r i n s i c  r e s i d u a l  
r e s i s t i v i t y  r a t i o  s i n c e  n o  m a g n e t i c  f i e l d  was a p p l i e d  t o  t h e  
c r y s t a l  t o  a l i g n  t h e  m a g n e t i z a t i o n  p a r a l l e l  t o  t h e  c u r r e n t  

2 C T F  S y s t e m s ,  I n c . ,  1 7 5 0  McLean S t r e e t ,  P o r t  C o q u i t l a m ,  B . C .  



wave c a v i t y  s y s t e m  a r e  g i v e n  i n  C h a p t e r  3 .  T h r o u g h o u t  t h e  

e l e c t r o p o l i s  i n g  p r o c e s s  and  a f t e r  t h e  f i n a l  moun t ing  o f  t h e  

s a m p l e s ,  X- r ay  p l o t o g r a p h s  we re  made t o  c h e c k  t h e  q u a l i t y  
4 

and  o r i e n t a t i o n  o f  t h e  s a m p l e s .  

N i c k e l  was u s e d  a s  a  diaphr 'agm m a t e r i a l - t o  e l i m i n a t e  

t h e r m a l  s t r a i n s  b e t w e e n  t h e  s a m p l e  a n d - t h e  d i a p h r a g m .  I f  a  

m a t e r i a l  s u c h  a s  c o p p e r  we re  u s e d  t h e  d i f f e r e n t i a l  t h e h a 1  

c o n t r a c t . i o n  b e t w e e n  t h e  n i c k e l  and  c o p p e r  would  h a v e  e i t h e r  

b u c k l e d  t h e  s a m p l e  o r  i n t r o d u c e d  an  e f f e c t i v e  m a g n e t o s t r i c t i v e  

2 f i e l d  o f  ~ 1 0  g a u s s .  The n i c k e l  d i a p h r a g m s  d i d  i n t r o d u c e  

a  s l i g h t l y  n o n u n i f o r m  d e m a g n e t i z i n g  f i e l d  ( s e e  be low)  b u t  

t h i s  was t o l e r a b l e .  

Ind ium was u s e d  a s  t h e  s o l d e r  b e c a u s e  t h e  i n d i u m  was s o f t  

enough  t h a t  e v e n  upon c o o l i n g  t o  4 K  t h e  s amp le  was n o t  s t r a i n e d  

by t h e  s o l d e r .  

The d i a p h r a g m s  were  2 5  mm d i a m e t e r  c i r c u l a r  d i s c s  c u t  

f rom 125  pm t h i c k  n i c k e l  f o i l .  A f t e r  m o u n t i n g  h o l e s  and  a 

c e n t r a l  d i a m e t e r  h o l e  we re  d r i l l e d  i n t o  t h e  d i a p h r a g m  ( s e e  

F i g .  5 . 1 ) ,  t h e  d i a p h r a g m s  were  m e c h a n i c a l l y  p o l i s h e d  t o  a  

t h i c k n e s s  o f  a p p r o x i m a t e l y  80 pm t h i c k n e s s  a n d  a n n e a l e d  a t  

1000•‹C f o r  o n e  h o u r .  These  s m o o t h ,  f l a t  d i a p h r a g m s  were  t h e n  

c o v e r e d  w i t h  a  2 u m  t o  3 u m  t h i c k  l a y e r  o f  e v a p o r a t e d  g o l d .  

The g o l d  s u r f a c e  p r e v e n t e d  s p u r i o u s  m a g n e t i c  f i e l d  d e p e n d e n t  

a b s o r p t i o n  o f  microwaves  by t h e  n i c k e l  d i a p h r a g m  f o r  f i e l d s  

c o r r e s p o n d i n g  t o  FMR. 

Two m a j o r  p r o b l e m s  i n v o l v i n g  s a m p l e  p r e p a r a t i o n  f o r  t h e  



Fig. 5.1: S a m p l e  and d i a p h r a g m .  l'he nickel s a m p l e  ( a )  is 

s o l d e r e d  w i t h  indium o n t o  t h e  d i a p h r a g m  ( b ) .  l'he s a m p l e  is 
fl /' 

c e n t r e d  o v e r  a 2 rnm d i a m e t e r  h o l e  in t h e  d i a p h r a g m .  



- 1 0 3  - 

t r a n s m i s s i o n  e x p e r i m e n t s  were  e n c o u n t e r e d .  F i r s t ,  t h e  o n l y  

d i r e c t i o n s  o f  h i g h  symmetry i n  t h e  p l a n e  o f  t h e  s ample  were  

t h e  [ l o o ]  a n d  [ I 1 0 1  d i r e c t i o n s .  These  a r e  t h e  "hard"  a n d  

" i n t e r m e d i a t e "  d i r e c t i o n s - ' o f  t h e  m a g n e t i z a t i o n  w i t h  r e s p e c t  

t o  t h e  m a g n e t o c r y s t a l l i n e "  a n i s o t r o p y .  A t  low t e m p e r a t u r e s  

t h e  a n i s o t r o p y  was s o  l a r g e  t h a t  t h e  s a m p l e s  w r i n k l e d  i n  an  

a p p l i e d  m a g n e t i c  f i e l d ,  T h i s  problem c o u l d  h a v e  b e e n  

overcome by c u t t i n g  t h e  c r y s t a l s  w i t h  t h e  [ I 1 0 1  d i r e c t i o n  

normal  t o  t h e  p l a n e  o f  t h e  s ample  d i s c s .  Fo r  s u c h  a n  o r i e n t a -  

t i o n  t h e  [ I l l ]  o r  " easy"  d i r e c t i o n  o f  m a g n e t i z a t i o n ,  a s  w e l l  

a s  t h e  [ l o o ]  and  [ I 1 0 1  d i r e c t i o n s ,  would have  been  i n  t h e  

p l a n e  o f  t h e  s a m p l e s .  The samples  would n o t  have  w r i n k l e d  

i f  t h e  m a g n e t i c  f i e l d  % e r e  a p p l i e d  a l o n g  t h e  [ I l l ]  d i r e c t i o n .  

The i e c o n d  ma jo r  p rob lem i n v o l v e d  t h e  a n n e a l i n g  o f  t h e  

s a m p l e s  a s  a  m a t t e r  o f  c o u r s e  t o  remove any s t r a i n  which may 

have  been  p r o d u c e d  i n  h a n d l i n g .  The a n n e a l i n g  p r o c e s s  was 

- 6 c a r r i e d  o u t  i n  a  vacuum o f  1 0  t o r r .  T h i s  was a n  

i n s u f f i c i e n t l y  good vacuum t o ' p r e v e n t  c o n t a m i n a t i o n  o f  t h e  

s a m p l e s .  A n  a n n e a l e d  n i c k e l  s i r r g l e  c r y s t a l  s ample  d i s c  was 

found  t o  have  a  r e s i d u a l  r e s i s t i v i t y  r a t i o  o f  l e s s  t h a n  1 5 .  

T h i s  p rob lem was e l i m i n a t e d  by t h e  s i m p l e  e x  d i e n t  o f  I 
o m i t t i n g  t h e  a n n e a l i n g  s t e p  i n  t h e  s ample  p r e p a r a t i o n , p r o c e d u r e  

and  by t a k i n g  g r e a t  c a r e  i n  h a n d l i n g  t h e  s a m p l e s .  



5 . 2  T r a n s m i s s i o n  Exper imen t s  

The b e r y l l i u m -  c o p p e r .  microwave c a v i t i e s  employed i n  

t h e s e  n i c k e l  s i n g l e  c r y s t a l  e x p e r i m e n t s  were c o n s t r u c t e d  i n  

s u c h  a  manner t h a t  t h e  sample  p l u s  d iaphragm c o n s t i t u t e d  t h e  

common e n d - w a l l  o f  t h e  t r a n s m i t t e r  and r e c e i v e r . c a v i t i e s  ( s e e  

C h a p t e r  3 ) .  The a p p l i e d  m a g n e t i c  f i e l d  c o u l d  b e  r o t a t e d  t o  

any d i r e c t i o n  i n  t h e  p l a n e  'o f  t h e  s a m p l e .  Once t h e  sample 
L 

was mounted i n  t h e  microwave c a v i t y  sys t em t h e  d i r e c t i o n  o f  k 

t h e  r a d i o  f r e q u e n c y  m a g n e t i c  f i e l d  was f i x e d  w i t h  r e s p e c . t  t o  

t h e  c r y s t a l l i n e  a x e s  o f  t h e  sample .  

E x t e n s i v e  t r a n s m i s s i o n  e x p e r i m e n t s  were c a r r i e d  o u t  on 

a  t o t a l  of  f o u r  n i c k e l  s i n g l e  c r y s t a l  s amples  be tween 4K and 

300K. The microwave c a v i t y  assembly  was e n c l o s e d  i n  a  s t a i n -  

l e s s  s t e e l  dewar d e s c r i b e d '  by L y a l l  (1970) .  The t e m p e r a t u r e  

o f  t h e  c a v i t i e s  and  sample  was m o n i t o r e d  by a  c o p p e r  c o n s t a n t a n  

the rmocoup le  which was c a l i b r a t e d  a t  t h e  b o i l i n g  p o i n t s  o f  

n i t r o g e n  and h e l i u m .  The t e m p e r a t u r e  o f  t h e  s a m p l e  was u s u a l l y  

s t a b l e  t o  a b o u t  + 1 K  d u r i n g  t h e  t ime  i n t e r v a l  r e q u i r e 4  f o r  
1 

a  t r a n s m i s s i o n  measurement .  The s t a b i l i t y  was p o o r e r  i n  

t h e  t e m p e r a t u r e  r a n g e  5K t o  25K b e c a u s e  t h e  h e a t  c a p a c i t y  

o f  t h e  c a v i t i e s  was s m a l l  a t  t h e s e  t e m p e r a t u r e s  . a n d  a p p r o x i -  
L 

m a t e l y  150 MW o f  microwave power was i n c i d e n t  upon t h e  

c a v i t i e s .  For  example ,  t h e  sample  t e m p e r a t u r e  i n c r e a s e d  5K 

d u r i n g  t h e  c o u r s e  o f  a t r a n s m i s s i o n  measurement n e a r  20K. 



5 . 3  R e s u l t s :  77K t o  300K 

a )  Sample C h a r a c t e r i z a t i o n  

The b e s t  o f  t h e  u n a n n e a l e d  s a m p l e s ,  Ni8u,  was u s e d  t o  

deduce  t h e  t e m p e r a t u r e  d e p e n d e n t  v a l u e  o f  t h e  m a g n e t i c  
- I  

damping a t  low t e m p e r a t u r e s .  E x t e n s i v e  room t e m p e r a t u r e  (305K) 

t r a n s m i s s i o n  measurements  were  made on t h i s  s a m p l e  t o  d e t e r m i n e  

i t s  p h y s i c a l  p a r a m e t e r s .  The c a l c u l a t i o n  which  was compared 

t o  t h e  e x p e r i m e n t a l  d a t a  r e q b i r e d  t h e  s p e c i f i c a t i o n  o f  two 

a n i s o t r o p y  c o n s t a n t s ,  t h e  g - f a c t o r ,  t h e  m a g n e t i z a t i o n ,  t h e  

i m a g n e t i c  damping,  t h e  r e s i s t i v i t y ,  and t h e  t h i c k n e s s  o f  t h e  

P s a m p l e .  Not a l l  o f  t h e s e  p a r a m e t e r s  c o u l d  b e  d e t e r m i n e d  

d i r e c t l y  f rom t h e  d a t a .  

The m a g n e t i c  f i e l d  a t  which t h e  p e a k  t r a n s m i s s i o n  

o c c u r r e d  depended  on t h e  two a n i s o t r o p y  c o n s t a n t s ,  t h e  g - f a c t o r ,  

and  t h e  m a g n e t i z a t i o n .  Only two peak  p o s i t i o n s  were  r e a d i l y  

a v a i l a b l e  f rom e x p e r i m e n t :  t h e  p e a k  t r a n s m i s s i o n  f i e l d  

o b t a i n e d  w i t h  t h e  m a g n e t i z a t i o n  p a r a l l e l  t o  t h e  [ l o o ]  a x i s  

and  w i t h  t h e  m a g n e t i z a t i o n  p a r a l l e l  t o  t h e  [ I 1 0 1  a x i s .  One 

a n i s o t r o p y  c o n s t a n t ,  K1, was t a k e n  f rom t h e  d a t a  o f  Okamoto 

(1966)  a n d  t h e  m a g n e t i z a t i o n  was t a k e n  f rom t h e  d a t a  o f  

A l d r e d  ( 1 9 7 5 ) .  The s e c o n d  a n i s o t r o p y  c o n s t a n t ,  K 2 ,  and  t h e  

g - f a c t o r  were  o b t a i n e d  by compar ing  t h e  c a l c u l a t e d  p e a k  

t r a n s m i s s i o n  f i e l d s  w i t h  t h e  e x p e r i m e n t a l  d a t a .  The v a l u e  

o f  K 2  which  b e s t  d e s c r i b e d  t h e  d a t a  was ( 4 . 5  t 2 . 0 )  x 1 0  
4 

2 
e r g s / c m  . The g - f a c t o r  founf  f o r  Ni8p was 2 . 2  ? . l ,  c l o s e  

t o  t h e  v a l u e  2 .187  + . 005  deduced  f rom t r a n s m i s s i o n  d a t a  on 



p o l y c r y s t a l l i n e  s a m p l e s .  The p a r a m e t e r s  u s e d  i n  t h e  

c a l c u l a t i o n  a r e  l i s t e d  i n  T a b l e  5 . 1 .  O f  c o u r s e  o t h e r  c h o i c e s  

f o r  K1 and m a g n e t i z a t i o n  would l e a d  t o  d i f f e r e n t  v a l u e s  f o r  

K z  and  t h e  g - f a c t o r 3 .  T h i s ,  a s  w e l l  a s  t h e  f a c t  t h a t  t h e  

n i c k e l  d i aph ragm i n t r o d u c e d  a  d e m a g n e t i z i n g  f i e l d  o f  

a p p r o x i m a t e l y  135  g a u s s  which  was u n i f o r m  t o  a b o u t  2 5  t o  30 

g a u s s  o v e r  t h e  a r e a  o f  t h e  s a m p l e ,  a c c o u n t s  f o r  t h e  l i b e r a l  

e r r o r s  a s s o c i a t e d  w i t h  K 2  a n d  t h e  g - f a c t o r  f o u n d  f o r  Ni8u .  

The l i n e s h a p e  o f  t h e  c a l c u l a t e d  t r a n s m i s s i o n  vs  . a p p l i e d  

m a g n e t i c  f i e l d  was d e p e n d e n t  on t h e  m a g n e t i c  damping ,  t h e  

r e s i s t i v i t y ,  a n d  t h e  s ample  t h i c k n e s s  u s e d  i n  t h e  c a l c u l a t i o n .  

The r e s i s t i v i t y  was t a k e n  f rom t h e  d a t a  o f  Whi te  and  Woods 

(1959)  and t h e  L a n d a u - L i f s h i t z  damping p a r a m e t e r  was t a k e n  t o  

8 - 1 b e  2 . 4 5  x 1 0  s e c  a s  found  from p r e v i o u s  e x p e r i m e n t s  on 

p o l y c r y s t a l l i n e  n i c k e l  s a m p l e s .  The p r e c i s e  l i n e s h a p e  was 

n o t  c r i t i c a l l y  d e p e n d e n t  on t h e  v a l u e  o f  t h e  damping p a r a m e t e r  

employed i n  t h e  c a l c u l a b i o n .  T h i s  i s  b e c a u s e  t h e  s ample  was 

' s o  t h i n  t h a t  a  s m a l l  change  i n  t h e  damping would  a l t e r  t h e  

amount o f  power a b s o r b e d  w i t h i n  t h e  s ample  o n l y  s l i g h t l y .  

Changing  t h e  t h i c k n e s s  ( o r  . r e s i s t i v i t y )  u s e d  i n  t h e  c a l c u l a t i o n  

h a s  a  more d i r e c t  i n f l u e n c e  on t h e  c a l c u l a t e d  p o w e r . a b s o r b e d  

w i t h i n  t h e  s a m p l e .  The s e n s i t i v i t y  o f  t h e  l i n e s h a p e  t o  

t h i c k n e s s  i s  i l l u s t r a t e d  i n  F i g .  5 . 2 .  @ &greement  be tween  

- - ~ - - 

' ~ l t e r n a t i v e l ~ ,  o n e  could have u s e d  A l d r e d ' s  v a l u e  f o r  t h e  
m a g n e t i z a t i o n  a n d  taken g=2.187 a s  f o u n d  i n  C h a p t e r  4 .  Then t h e  
p o s i t i o n s  o f  t h e  p e a k  t r a n s m i s s i o n  a 1  ng  t h e  [ 001 a n d  [I101 
d i r e c t i o n <  require that  i(i = - 5  x 108 ergr/crni a n d  X z  = 
6 . 6  x 104  e r g s / c m Z  a t  305 K .  



Table 5.1 

Parameters used in transmission calculations for comparison 

with Ni8p room temperature (305K) measurements. 

f 

g 

/ 

R . E .  frequ;ncy 

g -  factor 

klo magnetization ,- 1 485 gauss 
1 

Kl 

K 2  - 

r- 
,d 

X 
* I 

I 
damping 

1st anisotropy constant 

d 

4 -5.56 x 10 ergs/cm 2 

2nd anisotropy constant 

4 

resistivity 

thickness 

4 4.5 x 10 ergs/cm 2 

7.41 x Q - c m  

.. 8 - 1  
2.45 x 10 sec 



Fig. 5.2: Transmission amplitude vs. applied magnetic 

f jeld for Ni8v. The data ( + )  were taken at 305K 
I 

with the magnetic field along the (1001 direction. The 

dlculated transmission (solid lines) is normalized to the 

experimental peak amplitude. The three curves are for 

thicknesses 7 . 7 ~ .  (broadest curve), 8.Oum, and 8.3vm 

(narrowest curve). Other parameters are f = 24.032 G H z ,  

2 g = 2.199, Mo = 485G, K1 = -5.56 x ergs/cm , 
4  2 8 - 1 K2 = 4.5 x 10 ergs/cn , A - 2.45 x 10 sec , resistivity = 

7 . 4 1  x -CB, Dzz = 1.04, and Dxx = -0.02. 





t h e  e x p e r i m e n t a l  d a t a  and t h e  c a l c u l a t i o n  f o r  a  s ample  

o f  8 . 0 ~  t h i c k n e s s  i s  q u i t e  good .  (The c a l c u l a t i o n  c a n n o t  

b e  e x p e c t e d  t o  a g r e e  w i t h  t h e  d a t a  f o r  an  a p p l i e d  f i e l d  o f  

0.3kG o r  l e s s  b e c a u s e  t h e  m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  

i s  o f  t h i s  o r d e r  o f  m a g n i t u d e .  For s m a l l  m a g n e t i c  f i e l d s  

t h e  m a g n e t i z a t i o n  i s  n o t  p a r a l l e l  t o  t h e  a p p l i e d  f i e l d  
, T-  

a s  t h e  c a l c u l a t i o n  a s s u m e s . )  

From t h e  t r a n s m i s s i o n  d a t a  t h e  c e n t r a l  p o r t i o n  o f  Ni8u 

e x p o s e d - t o  microwaves  was d e t e r m i n e d  t o  b e  8 . 0  + . 3 p .  

The t h i c k n e s s  d e t e r m i n e d  from t h e  w e i g h t ,  a r e a ,  a n d  d e n s i t y  

o f  Ni8p was 6 . 5  + 1 ~ .  T h i s  l a t t e r  v a l u e  u n d e r e s t i m a t e d  

t h e  t h i c k n e s s  o f  t h e  c e n t r a l  p o r t i o n  o f  t h e  s ample  b e c a u s e  

t h e  sample  i s  s h a p e d  l i k e  a  convex l e n s .  Hence ,  t h e s e  two 

v a l y e s  f o r  t h e  t h i c k n e s s  a r e  c o n s i s t e n t .  

( b )  Damping p a r a m e t e r  

E x t r a c t i o n  o f  t h e  m a g n e t i c  damping p a r a m e t e r  f rom 

t h e  t r a n s m i s s i o n  d a t a  was c o m p l i c a t e d  by t h e  w r i n k l i n g  

o f  t h e . s a m p l e .  (See  S e c t i o n  5 . 1 . )  The damping c o u l d  

n o t  be  f o u n d  by f i t t i n g  t h e  t r a n s m i s s i o n  l i n e s h a p e s  

b e c a u s e  t h e  e f f e c t  o f  t h e  w r i n k l i n g  o f  t h e  spec imen  was 
I' 

t o  b r o a d e n  t h e  t r a n s m i s s i o n  p e a k . '  T h i s  i m i t a t e d  t h e  

e f f e c t  o f  an i n c r e a s e d  damping.  A f t e r  t h e  s ample  w r i n k l e d  

t h e  c a l c u l a t i o n  c o u l d  n o t  b e  made t o  f i t  e v e n  t h e  room 

t e m p e r a t u r e  e x p e r i m e n t a l  d a t a .  However, t h e  p e a k  a m p l i t u d e  

o f  t h e  t r a n s m i t t e d  s i g n a l  a t  room t e m p e r a t u r e  was changed  

l i t t l e  by t h i s  w r i n k l i n g  o f  t h e  s a m p l e .  The p e a k  



t r a n s m i t t e d  a m p l i t u d e  found  w i t h  t h e  m a g n e t i z a t i o n  

a l o n g  t h e  [ 1 0 0 ] ,  o r  h a r d ,  a x i s  d e c r e a s e d  a b o u t  5% a f t e r  

w r i n k l i n g  and  t h e  peak  a m p l i t u d e  w i t h  t h e  m a g n e t i z a t i o n  

a l o n g  t h e  [ 1 1 0 ] ,  o r  i n t e r m e d i a t e ,  a x i s  i n c r e a s e d  a b o u t  5J. 

Comparison of  t h e  peak  t r a n s m i t t e d  a m p l i t u d e  a t  room 

t e m p e r a t u r e  w i t h  t h e  peak  a m p l i t u d e s  a t  l o w e r  t e m p e r a t u r e s  

e n a b l e d  t h e  damping t o  b e  e x t r a c t e d  from t h e  d a t a  w i t h  

8 - 1  an a c c u r a c y  o f  + 0 . 3  x 10  s e c  f o r  t e m p e r a t u r e s  n e a r  

8 - 1  room t e m p e r a t u r e  and  w i t h  an a c c u r a c y  o f  + 0 . 5  x 10  s e c  

a t  120K. The p r i m a r y  u n c e r t a i n t i e s  i n v o l v e d  i n  o b t a i n i n g  

t h e  damping i n  t h i s  manner w e r e :  

8 - 1  . a )  u n c e r t a i n t y  o f  +. 0 . 1  x 10 s e c  I n  room 

8 -1  t e m p e r a t u r e  damping o f  2 . 4 5  x 1 0  s e c  . 

b )  u n c e r t a i n t y  o f  + .3um i n  sample  t h i c k n e s s  o f  8.0pm. 

c )  u n c e r t a i n t y  o f  + - 3K i n  t e m p e r a t u r e  measu remen t .  

d )  u n c e r t a i n t y  i n  t h e  t e m p e r a t u r e  dependence  o f  t h e  

d a v i t y  Q - f a c t o r  r e s u l t e d  i n  a n  u n c e r t a i n t y  i n  t h e  

t r a n s m i t t e d  a m p l i t u d e  o f  < 5 % .  

e )  u n c e r t a i n t y  i n  t h e  e f f e c t  o f  w r i n k l i n g  o f  t h e  

s ample  r e s u l t e d  i n  an u n c e r t a i n t y  i n  t h e  t r a n s -  

m i t t e d  a m p l i t u d e  1 1 0 % .  

f )  s y s t e m  r e p r o d u c i b i l i t y  i n t r o d u c e d  an u n c e r t a i n t y  

i n  t h e  t r a n s m i t t e d  a m p l i t u d e  5 5 % .  

These  u n c e r t a i n t i e s  were  n o t . s e v e r e  s i n c e  t h e  

t r a n s m i s s i o n  a m p l i t u d e  i s  a  s t r o n g  f u n c t i o n  o f  t h e  damping.  

The t r a n s m i s s i o n  a m p l i t u d e  v a r i e s  a p p r o x i m a t e l y  a s  



exp [-kd] a exp[-X 1'21. Thus any small change in the 

damping results in a large change in the transmission. 

For example, at 125K a change of the damping from 

8 - 1  8 -1 X = 2.4 x 10 sec to X = 5.0 x 10 sec results in a 

change of over an order of magnitude in the transmission 
? 

amplitude calculated for an 8.0um 'sample. 

The Landau-Lifshitz damping pargmeter obtained from 
\ 

the analysis of the peak transmission,'amplitude is 

displayed in Fig. 5.3. At ll5K the signal transmitted 

through Xi8 kas less than the noise level of the detection 

system. The noise power level was 168 db below the incident 

power level4. 

Data for two different directions of the magnetization 

and for t ~ o  cooling cycles on N i 8 ~  are included. The 

solid line indicates the damping deduced from ferromagnetic 

resonance experiments carried out by.Bhagat and Hirst 

(1966). 

4 The system time constant was 3.5 sec. 



Fig. 5 3 :  Landau-Lifshitz damping parameter vs .  

temperature for N i 8 v .  The damping parameter was 

extracted from transmission measurements made with the 

applied magnetic field along the [ l o o ]  direction (m) and 

along the [110) direction ( 0 ) .  A typical error bar is 

shown at the upper right. The solid line is interpolated 

from the FMR data of Bhagat and Hirst (1966). 
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5 . 4  D i s c u s s i o n  o f  R e s u l t s :  77K t o  300K 

F i g u r e  5 . 3  p r o v i d e s  a  c o n v e n i e n t  p o i n t  o f  d e p a r t u r e  . 
t o  d i s c u s s  t h e  r e s u l t s  o f  t h e  p r e v i o u s  s e c t i o n  i n  c o m p a r i s o n  

w i t h  t h e  r e s u l t s  o b t a i n e d  by Bhaga t  and  H i r s t  ( 1 9 6 6 ) .  The 

c a l c u l a t i o n  u s e d  by Bhaga t  and  H i r s t  t o  e x t r a c t  t h e  

damping f rom t h e i r  d a t a  was c o m p l i c a t e d  by t h e  f a c t  t h a t  

t h e  c o n d u c t i v i t y  o f  n i c k e l  i s  i n  t h e  anomalous  r6g ime a t  

FMR f o r  t e m p e r a t u r e s  which  c o i n c i d e  w i t h  t h e  i n c r e a s e  o f  

t h e  damping p a r a m e t e r .  A t  FMR t h e  r a d i a t i o n  which  e n t e r s  

t h e  s ample  i s  a b s o r b e d  i n  a  s h o r t e r  d i s t a n c e  t h a n  i s  

n o r m a l l y  a s s o c i a t e d  w i t h  a n  e l e c t r o m a g n e t i c  wave i n  a  

m a t e r i a l  o f  t h e  same c o n d u c t i v i t y .  T h i s  i s  a  d i r e c t  r e \ s u l t  

o f  t h e  l a r g e  p e r m e a b i l i t y  a t  FMR d e c r e a s i n g  t h e  e f f e c t i v e  

s k i n  d e p t h .  T h i s  d e c a y  l e n g t h  o f  t h e  r a d i a t i o n  i s  comparab l e  

t o  t h e  mean f r e e  p a t h  o f  t h e  c o n d u c t i o n  e l e c t r o n s .  For  

example ,  t h e  s c a l i n g  l e n g t h  i s  6 = 3 x 10-'cm a t  120K and 

i t  i s  e f f e c t i v e l y  s h o r t e n e d  a  f a c t o r  o f  3 t o  5 a t  FMR by t h e  

l a r g e  p e r m e a b i l i t y .  The e l e c t r o n  mean f r e e  p a t h  i s 5  

n 10-'cm a t  1 Z O K .  I n  t h i s  r eg ime  

To d e s c r i b e  t h e  e l e c t r i c  

c a l c u l a t e  t h e  c u r r e n t  d e n s i t y  by c o n s i d e r i n g  t h e  e l e c t r i c  

f i e l d  e a c h  e l e c t r o n  p a s s i n g  t h r o u g h  a n  e l e m e n t  o f  a r e a  h a s  

e x p e r i e n c e d  s i n c e  i t s  l a s t  c o l l i s i o n .  S e e ,  f o r  e x a m p l e ,  

 his mean f r e e  pa ' th ,  E120K,  was c a l c u l a t e d  f r o m  t h e  r e l a t i o n  tJ ' 

f! 1 2  O K  = (r120X/0273X) ' 2 7 3 ~ .  when ' 2 7 3 ~  = 2.66  x 1 0 - ~ c m  

(Mott  and Jones 1 9 3 6 ) .  



P i p p a r d  ( 1 9 6 5 ) .  I n  t h e  e x p e r i m e n t  d e s c r i b e d  h e r e  t h e  d e c a y  

l eng t -h  o f  t h e  e l e c t r o m a g n e t i c  r a d i a t i o n  p a s s i n g  t h r o u g h  t h e  

sample  i s  enhanced  a t  FMAR. ( S e e  C h a p t e r  2 . )  Thus t h e  

c h a r a c t e r i s t i c  l e n g t h  a s s o c i a t e d  w i t h  t h e  r a d i a t i o n  i s  l o n g  

compared w i t n  an  e l e c t r o n  mean f r e e  p a t h  a t  t h e  t empe . r a tu re  

o f  t h e  o n s e t  o f  t h e  i n c r e a s e d  damping i n  n i c k e l ,  and  f o r  

t e m p e r a t u r e s  somewhat b e l o *  as  w e l l .  For  i n s t a n c e ,  a t  120K 

t h e  c h a r a c t e r i s t i c  l e n g t h  o f  t h e  e l e c t r o m a g n e t i c  r a d i a t i d n  

8 - 1  
a t  FMAR 1 0 - ~ c m  f o r  a  damping o f  5 x 1 0  s e c  and  t h e  

- 5 e l e c t r o n  mean f r e e  p a t h  i s  a p p r o x i m a t e l y  1 0  cm. The r e s u l t s  

+t o f  t h e  p r e v i o u s  s e c t i ~ n  show unambiguous ly  t h a  t h e  low ' 

t e m p e r a t u r e  m a g n e t i c  damping does  i n d e e d  i n c r e a s e  d r a m a t i c a l -  

l y  o v e r  t h e  room t e m p e r a t u r e  v a l u e .  

I t  i s  a p p a r e n t  f rom F i g .  5 . 3  t h a t  t h e  m a g n e t i c  damping 

found  h e r e  i n c r e a s e d  more r a p i d l y  w i t h  d e c r e a s i n g  t e m p e r a t u r e  

t h a n  d i d  t h e  damping f o u n d  by Bhagat  and  H i r s t .  T h i s  f a c t  

i s  p r e d i c t e d  by a  c a l c u l a t i o n  o f  m a g n e t i c  damping made by 

Korenman and  P r a g n e  (1972)  u s i n g  a  mechanism o r i g i n a l l y  

s u g g e s t e d  b y  Kambersky ( 1 9 7 0 ) .  Kambersky 's  i d e a  was t h a t  

t h e  s p a c e  and  t i m e  v a r i a t i o n  o f  t h e  m a g n e t i z a t i o n ,  t h r o u g h  

t h e  s p i n - o r b i t  i n t e r a c t i o n ,  p r o d u c e d  a  p e r i o d i c  m o d u l a t i o n  

o f  t h e  f e r m i  s u r f a c e .  S c a t t e r i n g  a l l o w e d  t h e  e l e c t r o n s  t o  

f o l l o w  t h e  m o d u l a t i o n  o f  t h e  f e r m i  s u r f a c e  a n d  t o  damp t h e  

s p i n  wave. N i c k e l ' s  band  s t r u c t u r e  i s  s u c h  t h a t  t h e r e  a r e  

c e r t a i n  p a r t s  o f  t h e  f e r m i  s u r f a c e  wh ich  a r e  s t r o n g l y  s p i n -  

o r b i t  d e p e n d e n t  (Gold 1 9 7 3 ) .  Korenman and  P r a g n e  e x t e n d e d  

t h i s  i d e a  t o  t h e  c a s e  i n  which  t h e  s c a t t e r i n g  time was l o n g  



enough t h a t  an e l e c t r o n  moving a t  t h e  f e r m i  v e l o c i t y  t r a v e l l e d  
4 '  

a  d i s t a n c e  comparab le  t o  a  wave leng th  of t h e  m a g n e t i c  

d i s t u r b a n c e  be tween c o l l i s i o n s ,  i . e .  t h e y  e x t e n d e d  t h e  t h e o r y  

t o  t h e  anomalous damping l i m i t .  

Accord ing  t o  Korenman and P r a g n e ,  9 

- 1 
X a 

t a n  ( k v * ~ )  

Here k i s  t h e  p r o p a g a t i o n  c o n s t a n t  o f  t h e  wave i n s i d e  t h e  f e r r o -  

m a g n e t i c  m e t a l ,  vf  i s  t h e  f e r m i  v e l o c i t y ,  and T i s  t h e  r" 
s c a t t e r i n g  t ime  f o r  t h e  e l e c t r o n s .  A t  h i g h  t e m p e r a t u r e s  t h e  ti 

4 

s c a t t e r i n g  t ime  i s  s h o r t  and kvEr  < <  1 f o r  t h e  u s u a l  r ange  o f  

k's e n c o u n t e r e d  i n  FMR o r  FMAR e x p e r i m e n t s .  Then 

The s c a t t e r i n g  t i m e ,  and hence  t h e  damping, can  b e  e x p e c t e d  t o  

v a r y  w i t h  t e m p e r a t u r e  i n  t h e  same manner a s  t h e  c o n d u c t i v i t y .  

T h e r e f o r e ,  t h i s  t h e o r y  c a n n o t  a c c o u n t  f o r  t h e  l a r g e ,  t e m p e r a t u r e  

i n d e p e n d e n t  damping p r e s e n t  i n . n i c k e 1 .  Korenman and Pragne  

p r o p o s e d  t h a t  t h i s  t h e o r y  d i d  a c c o u n t  f o r  t h e  a d d i t i o n a l  low 

t e m p e r a t u r e  damping o b s e r v e d  by Bhagat  and H i r s t .  

Apply ing  e q u a t i o n  ( 5 . 1 )  t o  t h e  c a s e  a t  hand ,  we can  expand 

t h e  i n v e r s e  t a n g e n t  i n  a  power s e r i e s  and  examine t h e  

t h e o r e t i c a l  damping a p p r o p r i a t e  t o  t h e  e x p e r i m e n t  d e s c r i b e d  i n  

t h i s  t h e s i s  and compare i t  w i t h  t h e  t h e o r e t i c a l  damping f o r  t h e  

FMR e x p e r i m e n t  o f  Bhagat  and Hirs t .  The t h e o r e t i c a l  damping i s  % -  



o f  t h e  form 

where  we a r e  r e s t r i c t e d  t o  t h e  c a s e  i n  which  k v f r  < 1. 

There  a r e  d i f f e r e n c e s  b e t w e e n ' t h i s  e x p e r i m e n t  and  t h e  

e x p e r i m e n t  o f  Bhaga t  and  H i r s t ' w h i c h  e n t e r  i n t o  e q u a t i o n , ( 5 . 3 ) .  

F i r s t ,  t h i s  e x p e r i m e n t  was c a r r i e d  o u t  a t  24GQz whereas  Bhagat  

and  H i r s t ' s  e x p e r i m e n t  was done  a t  9GHz. S e c o n d ,  t h i s  

e x p e r i m e n t  p r o d u c e d  r e s u l t s  a p p r o p r i a t e  t o  FMAR; Bhaga t  and 

H i r s t ' s  e x p e r i m e n t  was a p p r o p r i a t e  t o  FMR. Combining t h e s e  

f a c t s ,  t h e  c h a r a c t e r i s t i c  k  a t  t h e  o n s e t  o f  t h e  i h c r e a s e d  

damping f o r  t h i s  e x p e r i m e n t  was = 1 / 1 5  o f  t h e  k  a s s o c i a t e d  

w i t h  Bhagat  and H i r s t ' s  e x p e r i m e n t .  T h e r e f o r e ,  Korenman and  

P r a g n e l s  t h e o r y  p r e d i c i s  t h a t  a s  t h e  t e m p e r a t u r e  i s  d e c r e a s e d ,  

t h e  damping i n  t h i s  e x p e r i m e n t  w i l l  b e g i n  t o  i n c r e a s e  a t '  a  

h i g h e r  t e m p e r a t u r e ,  i . e .  s m a l l e r  T, t h a n  i n  t h e  e x p e r i m e n t  o f  

Bhagat  and  Hi rs t .  T h i s  i s  i n d e e d  t h e  c a s e .  Thus ,  t h i s  

e x p e r i m e n t  c a n f i r m s  t h e  r e s u l t s  o f  Bhaga t  and  Hirst and  adds  

a d d i t i o n a l  s u p p o r t  t o  t h e  t h e o r y  o f  Korenman and  P r a g n e .  
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5 . 5  R e s u l t s :  4K t o  77K 

a )  Sample c h a r a c t e r i z a t i o n  

The t h 3 n n e s t  s ample  a v a i l a b l e ,  Ni3p ,  was u s e d  t o  
, 

' i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  o f  t h e  r a d i a t i o n  t r a n s m i t t e d  

V t h r o u g h  n i c k e l  a t  and  beLow l i q u i d  n i t r o g e n  t e m p e r a t u r e .  

I n s p e c t i o n  o f  N i 3 p  u n d e r  a  m i c r o s c o p e  r e v e a l e d , t h a t  t h i s  s a m p l e  

wa? n o t i c e a b l y  t h i c k e r  o x ~ ~ o n e  e d g e .  ' 1 t  was a l s o  s m a l l e r  t h a n  

Q o s t  s a m p l e s ,  b e l n g ,  a n  e l l i p s e  o f  a p p r o x i m a t e l y  5mm by 3mm. 

The sample  was s o l d e r e d  o n t o  a  g o l d  p l a t e d  n i c k e l  d i aph ragm 

w i t h  t h e  t h i c k  edge  n o t  e x p o s e d  t o  microwaves b u t  t h e  non-  

u n i f o r m i t g  s f  t h i s  s a m p l e ' s  t h i c k n e s s  was a p p a r e n t  i n  t h e  t 

room t e m p e r a t u r e  t r a n s m i s s i o n  e x p e r i m e n t .  F i g .  5 . 4  i l l u s t r a t e s  

t h e  improv-gment i n  t h e  f i t  o f  t h e  c a l c u l a t e d  t r a n s m i s s i o n  t o  

t h e  d a t a  o b t a i n e d  by combin ing  two t h i c k n e s s e s  i n  t h e  c a l c u l a -  

t i o n  o v e r - t h e  f i t  o b t a i n e d  by u s i n g  one t h i c k n e s s .  F i g .  5 . 5  

shows t h e  t r a n s m i s s i o n  f o r  t h i c k n e s s e s  o f  2.8um and  4.2pm 

s e p a r a t e l y  a s  w e l l  a s . t h e i r  sum. C l e a r l y ,  t h e  t r a n s m i s s i o n  a t  

h i g h  f i e l d s ,  n e a r  t h e  p o s i t i o n  o f  FMR, i s  due  a l m o s t  e n t i r e l y  
* 

t o  t h e  t h i n n e r  a r e a s . o f  t h e  s ample  w h i l e  t h e  t h i c k  a r e a s  o n l y  

c o n t r i b u t - e  t o  t h e  t r a n s m i s s i o n  n e a r  t h e  p s a k .  T h i s  a c c o u n t s  

f o r  t h e  d i f f e r e n c e s  be tween  t h e  c a l c u l a t e d  t r a n s m i s s i o n  f o r  a '  

s i n g l e  t h i c k n e s s  o f  Sam l e , a n d  t h e  e x p e r i m e n t a l  d a t a  shown i n  
8 P 

F i g .  5 . 4 .  The c a l c u l a w d  t r a n s m i s s i o n  c u r v e  i s  t o o  b r o a d  n e a r  

t h e  p e a k  a n d  t o o  low a f  h i g h  f i e l d s .  Of c o u r s e ,  a  w e i g h t e d  
4 

a v e r a g e  o f  s e v e r a l  t i c k n e s s e s  would p r o d u c e  a  b e t t e r  f i t  t o  2 
t h e  d a t a  t h a n  t h w s i m p l e  c a l c u l a t i o n  u s i n g  o n l y  two t h i c k n e s s e s  

/ 

a s  shown i n  F . 5 . 4 .  7 
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Fig. 5.4: Transmission amplitude vs. applied magnetic field 

for N i 3 ~ .  The data ( + )  were taken at 298K with the qagnetic 

, field along the [I001 direction. The transmission curve 

indicated with an arrow was calculated using a thickness of 

3 . 5 ~ .  The other curve not so marked is the sum of.two 

equdly weighted calculated transmissions, one for 4.2~m 

thickness and one for 2 . 8 ~ 1 ~  thickness. ~he~calculations were 

made with R.F. frequency - 24.032 G H z ,  g = 2.20, 4M0 = 
4 

6.128 KG, resistivity - 7.2 x O-cm, K1 = 5.56 x 10 ergs/ 

2 8 -1 cm , and A = 2.4 x 10 sec . 





Fig. 5 . 5 :  Calculated transmission amplitude vs. applied 

magnetic field f o r  4 . Z ~ m  ( .A)  a n d  2.8um ( B ) .  Curve C is 

the sun o f  curves .A and B. Other paradeters used in the 

calculation a r e  the same as for Fig. 5.4. 





U n f o r t u n a t e l y ,  t h i s  n o n - u n i f o r m i t y  o f  t h e  t h i c k n e s s  o f  

N i 3 ~  p r e c l u d e d  any e s t i m a t i o n  o f  t h e  damping p a r a m e t e r  f rom 

t h e  peak  a m p l i t u d e  o f  t h e  t r a n s m i t t e d  s i g n a l .  A s  t h e  t empera -  

t u r e  was lowered  t h e  t h i n n e r  a r e a s  o f  t h e  sample  would be 

e x p e c t e d  to' t r a n s m i t  an  i n c r e a s e d  f r a c t i o n  o f  t h e  t o t a l  s i g n a l ,  

i . e .  t h e  t h i c k n e s s  o f  t h e  sample  would a p p a r e n t l y  d e c r e a s e  w i t h  
4 

t e m p e r a t u r e .  A l s o ,  s i n c e  t h e  sample was v e r y  t h i n ,  t h e  c a l -  

c u l a t e d  a m p l i t u d e  was n o t  a s  s e n s i t i v e  t o  t h e  damping a s  i t  

was f o r  Ni8p. T h i s  n o n - u n i f o r m i t y  o f  t h e  t h i c k n e s s  a s  w e l l  a s  

t h e  w r i n k l i n g  o f  t h e  sample  meant t h a t  o n l y  q u a l i t a t i v e  

s t a t e m e n t s  c o u l d  be made a b o u t  t h e  low t e m p e r a t u r e  t r a n s m i s s i o n  

of  microwaves t h r o u g h  n i c k e l .  

b )  The new t r a n s m i s s i o n  peak  , 

The e x p e r i m e n t a l  t r a n s m i s s i o n  d a t a  f o r  Ni3p a t  v a r i o u s  

t e m p e r a t u r e s  i s  shown i n  F i g .  5 . 6 .  T$ d a t a  were  t a k e n  

w i t h  t h e  e x t e r n a l  f i e l d  p a r a l l e l  t o  t h e  [ l o o ]  c r y s t a l  a x i s .  

A l a r g e  peak  i n  t h e  t r a n s ' m i t t e d  s i g n a l  i s  r e a d , i l y  app 'arent  

i n  t h e  measurements  made a t  4K.  Th i s  peak  o c c u r r e d  a t  an  

a p p l i e d  f i e l d  o f  9kG which c o i n c i d e d  w i t h  FMR i n  t h e  sample .  

T h i s  new peak  was u n e x p e c t e d + i n  t h a t  t h e  microwave r a d i a t i o n  

i n s i d e  t h e  sample  i s  most  h e a v i l y  a t t e n u a t e d  a t  FMR. 

Accompanying t h i s  peak  was a  l a r g e  f i e l d  i n d e p e n d e n t  s i g n q 1 6 .  
- 

6 ~ h e  z e r o  l e v e l  f o r  t h e s e  measurements  was d e t e r m i n e d  by c l o s -  
i n g  a t t e n u a t o r  DBE 410 i n  t h e  i n c i d e n t  microwave l i n e  ( s e e  F i g .  
3 . 1 )  and n o t i n g  .4he r e c e i v e r  r e a d i n g .  T h i s  method of  d e t e r m i n -  
i n g  t h e  z e r o  l e v e l  d o e s  n o t  a l l o w  f o r  t h e  low l e v e l  o f  d i r e c t  
microwave l e a k a g e  be tween t h e  t r a n s m i t t e r  and  r e c e i v e r  l i n e s .  
However, t h i s  e x t r a n e o u s  s i g n a l  i s  l e s s  t h a n  5% o f  t h e  peak  
t r a n s m i s s i o n  a t  4 K .  



a. 

Fig. 5.6: Measured transmission amplitude vs. applied 

magnetic field for N i 3 u  at various temperatures. 

The,same (arbitrary) scale has been used to display each set 

of data. The peak transmission at 4K corresponded to a 

transmitted power 106 db below the incident power level. 
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S o t e  t h a t  t h e r e  i s  no e v i d e n c e  f o r  a  p e a k  a t  t h e  e x p e c t e d  

p o s i t i o n '  o f  FHAR ( = 3kG) . 

K i t h  i n c r e a s i n g  t e m p e r a t u r e  t h e  p e a k  a t  FMR d i s a p p e a r e d  

a n d  t h e  f a m i l i a r  F5UR t r a n s m i s s i o n  p e a k  a p p e a r e d .  The f i e l d  

i n d e p e n d e n t  s i g n a l  d e c r e a s e d  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  

(The  a p p a r e n t  f i e l d  d e p e n d e n c e  o f  t h e  t r a n s m i t t e d  s i g n a l  

b e t k e e n  0 a n d  8kG f o r  t h e  m e a s u r e m e n t  a t  ~ 2 2 K  was a n  a r t i f a c t  

c a u s e d  by t h e  r a p i d l y  c h a n g i n g  t e m p e r a t u r e  o f  t h e  s a m p l e  a s  t h e  

m e a s u r e m e n t  was m a d e . j  A t  "'K t h e  FMAR t r a n s m i s s i o n  was a  

d o u b l e  p e a k .  The h i g h  f i e l d  p e a k  was t h e  u s u a l  FMAR p e a k ;  

t h e  low f i e l d  p e a k  o c c u r r e d  b e c a u s e  t h e  a p p l i e d  f i e l d  was 

s m a l l  e n o u g h  t o  a l l o w  t h e  m a g n e t i z a t i o n  t o  r o t a t e  away f r o m  

t h e  d i r e c t i o n  o f  t h e  a p p l i e d  f i e l d ,  u n d e r  t h e  i n f l u e n c e  o f  

m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  a n d  t h e  FMAR c o n d i t i o n  was 

s a t i s f i e d  a  s e c o n d  t i m e .  T h i s  phenomena was a l s o  n o t e d  by 

B h a g a t  a n d  H i r s t  ( 1 9 6 6 )  who r e p o r t e d  d o u b l e  FMR a b s o r p t i o n  

naxirna i n  n i c k e l  a t  low t e m p e r a t u r e s .  
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5 . 6  D i s c u s s i o n  o f  R e s u l t s :  4K t o  77K 

The d e t a i l e d  e x p l a n a t i o n  o f  t h i s  n e w . t r a n s m i s s i o n  p e a k  

i s  n o t  known a t  p r e s e n t .  T h i s  p e a k  c a n n o t  b e  e x p l a i n e d  s i m p l y  

by p u t t i n g  a  n o n - l o c a l  c o n d u c t i v i t y  i n t o  t h e  t h e o r y  d e v e l o p e d  

i n  C h a p t e r  2 .  The mean f r e e  p a t h  o f  t h e  e l e c t r o n s ,  f o r  

t e m p e r a t u r e s  l e s s  t h a n  4 0 K ,  i s  much l o n g e r  t h a n  a  w a v e l e n g t h  

o f  t h e  microwave r a d $ a t i o n  a t  FMR w i t h i n  t h e  n i c k e l .  The 

s t r o n g  t e m p e r a t u r e  dependence  o f  t h i s  new p e a k  be tween  4K a n d  

30K c a n n o t  b e  due  s i m p l y  t o  t h e  n o n - l o c a l  c o n d u c t i v i t y  b e c a u s e  

t h e  c o n d u c t i v i t y  a t  24GHz changes  l i t t l e  o v e r  t h e  t e m p e r a t u r e  

r a n g e .  One p o s s i b i l i t y  i s  t h a t  a  sound  wave i s  i n v o l v e d  i n  

. t r a n s m i t t i n g  e n e r g y  t h r o u g h  t h e  s a m p l e .  

I n  o r d e r  t o  e l u c i d a t e  t h e  n a t u r e  o f  t h i s  FMR t r a n s m i s s i o n  

p e a k  i t  w i l l  b e  n e c e s s a r y  t o  u n d e r t a k e  e x p e r i m e n t s  t o  s t u d y  

t h e  t e m p e r a t u r e ,  t h i c k n e s s ,  and o r i e n t a t i o n  dependence  o f  t h i s  

p e a k .  Such a  programme i s  beyond t h e  s c o p e  o f  t h i s  t h e s i s .  



CHAPTER 6 

CONCLUSION 

The f e r r o m a g n e t i c  a n t i r e s o n a n t  t r a n s m i s s i o n  e x p e r i m e n t s  

d e s c r i b e d  i n  t h i s  t h e s i s  were  u n d e r t a k e n  f o r  two p r i n c i p a l  

r e a s o n s :  t o  d e t e r m i n e  t h e  magn i tude  o f  t h e  t e m p e r a t u r e  

i n d e p e n d e n t  m a g n e t i c  damping i n  n i c k e l  a s  w e l l  a s  t h e  

and  t o  v e r i f y  t h e  anomalous  m a g n e t i c  damping o b s e r v e d  a t  low 

t e m p e r a t u r e s  by Bhagat  a n d  H i r s t  ( 1 9 6 6 ) .  

An a n a l y s i s  o f  t h e  t r a n s m i s s i o n  d a t a  employ ing  t h e  

L a n d a u - L i f s h i t z  e q u a t i o n  o f  mo t ion  f o r  t h e  m a g n e t i z a t i o n  

i n d i c a t e d  t h a t  t h e  L a n d a u - L i f s h i t z  damping p a r a m e t e r  had  t h e  

8  - 1  v a l u e  X = 2 .45  f .1 x 10  s e c  be tween  room t e m p e r a t u r e  and  

637K (364OC). The g - f a c t o r  was d e t e r m i n e d  t o  have  t h e  

t e m p e r a t u r e  i n d e p e n d e n t  v a l u e  g  = 2.187 + . 0 0 5  o v e r  t h e  same 

t e m p e r a t u r e  r a n g e .  I t  i s  n o t e w o r t h y  t h a t  t h i s  t e m p e r a t u r e  

r a n g e  e x t e n d s  beyond t h e  C u r i e  t e m p e r a t u r e  ( 6 2 7 K )  a n d  t h a t  

t emper-a ture  r a n g e  o v e r  which  t h i s  damping was i n d e e d  c o n s t a n t ,  
I !  

t h e  Landau- L i f s h i t z  e q u a t i o n  o f  m o t i o n ,  t o g e t h e r  w i t h  Maxwel l ' s  

e q u a t i o n s ,  was a d e q u a t e  t o  d e s c r i b e  t h e  microwave ' t r a n s m i s s i o n  

d a t a .  T h i s  i s  c o n t r a r y  t o  t h e  f i n d i n g s  o f  Bhagat .  a n d  

R o t h s t e i n  (1971)  who s t a t e d  t h a t  t h e  u s u a l  p h e n o m e n o l o g i c a l  

c a l c u l a t i o n s  d i d  n o t  d e s c r i b e  t h e i r  f e r r o m a g n e t i c  r e s o n a n c e  

a b s o r p t i o n  measu remen t s  made a t  t e m p e r a t u r e s  n e a r  t h e  C u r i e  

t e m p e r a t u r e .  

The f e m p e r a t u r e  i n d e p e n d e n c e  o f  t h e  m a g n e t i c  damping and  
', I 



g - f a c t o r  s u p p o r t s  t h e  t h e o r y  o f  magnet i sm r e c e n t l y  advanced  

i n  a  s e r i e s  o f  p a p e r s  by Korenman and  P r a n g e  e t  a l .  (1977)  l .  

C ~ n s i d e r ~ f i r s t  t h e  m a g n e t i c  damping.  Accord ing  t o  a t h e o r y  

o f  L .  B e r g e r  ( t o  b e  p u b l i s h e d )  t h e  t e m p e r a t u r e  i n d e p e n d e n t  

m a g n e t i c  damping i n  n i c k e l  a r i s e s  d r o m  i t s  c o m p l i c a t e d  band  

s t r u c t u r e .  I n  t h e  e a r l i e r  band t h e o r y  o f  magnet i sm t h e  s t a t i c  

m a g n e t i z a t i o n  was p r o p o r t i o n a l  t o  t h e  p o p u l a t i o n  d i f f e r e n c e  

be tween  t h e  s p i n - u p  a n d  sp in -down  s u b b a n d s .  A t  t h e  C u r i e  

t e m p e r a t u r e  t h e  m a g n e t i z a t i o n  d i s a p p e a r e d  b e c a u s e  t h e  

p o p u l a t i o n s  o f  t h e  s p i n -  up and  sp in -down  subbands  were  

e q u a l i z e d .  The f e r m i  s u r f a c e s  f o r  t h e  s p i n - u p  and  sp in-down 

subbands  ,in n i c k e l  a r e  q u i t e  d i f f e r e n t  (Gold 1 9 7 3 ) .  Thus t h e  
b 1 

L 

e a r l i e r  band t h e o r y  o f  magnet i sm demanded t h a t  t h e  f e r m i  

s u r f a c e o f  n i c k e l  change  s u b s t a n t i a l l y  a s  t h e  C u r i e  t e r a p e r a t u r e  

was a p p r o a c h e d .  P r o v i d e d  B e r g e r ' s  p r o p o s a l  t h a t  t h e  t empera -  

t u r e  i n d e p e n d e n t  damping i n  n i c k e l  i s  i n t i m a t e l y  r e l a t e d  t o  

t h e  f e r m i  s u r f a c e  i s  v a l i d ,  i t  can  b e  a r g u e d  t h a t  t h e  o b s e r v e d  

damping r e q u i r e s  t h a t  t h e  f e r m i  s u p f a c e  n o t  change  n e a r  t h e  

C u r i e  t e m p e r a t a r e .  T h i s  i s  a t  v a r i a n c e  w i t h  t h e  e a r l i e r  band 

t h e o r y  o f  magne t i sm.  However,  an i d e a  c e n t r a l  t o  P r a n g e f s  

band t h e o r y  o f  magnet i sm i s  t h a t  t h e  s p i n - u p  and  s p i n - d o w n  

subbands  r ema in  s p l i t  a t  t h e  C u r i e  t e m p e r a t u r e .  The o b s e r v e d  

t e m p e r a t u r e  i n d e p e n d e n c e  o f  t h e  m a g n e t i c  damping s u p p o r t s  t h i s  

i d e a .  

' I  am i n d e b t e d  t o  A .S .  A r r o t t  f o r  p o i n t i n g  o u t  t h i s  f a c t .  

4 



C 

The t e m p e r a t u r e  i n d e p e n d e n c e  o f  t h e  g - f a c t o r  a l s o  

s u p p o r t s  t h e  P r a n g e  t h e o r y .  I n  a  c a l c u l a t i o n A . o f  n i c k e l ' s  g -  

f a c t o r ,  f o r  example  i n  t h e  c a l c u l a t i o n s  o f  A r l i n g h a u s  and  Reck 

(1975)  o r  o f  S i n g h  e t  a l .  (1976)  , t h e  f i n a P  r e s u l t  i s  s e n s i t i v e  

t o  how a c c u r a t e l y  t h e  band s t r u c t u r e  i s  p a r a m e t e r i z e d .  Thus ,  
t 

i f  t h e  f e r n i  s u r f a c e  f o r  t h e  s p i n - u p  and sp in -down  subbands  

were  c h a n g i n g  w i t h  t e m p e r a t u t e ,  o n e  k e u l d  e x p e c t  t n e  g - f a c t o r  

; t o  change  as ; : e l l .  The f a c t  t h a t  t h e  g - f a c t o r  o b s e r v e d  i n  

t h e s e  e x p e r i a e n t s  w a s  t e m p c ~ z t u r e  i n d e p e n d z c t  d s u p p o r t s  P r a n g e ' s  

c o n t e n t i o n  t h a t  t h e  s p i n - u p  and  sp in -down  s u b b a n d s  r ema in  s p l i t  

a t  t h e  C u r i e  t e m p e r a t u r e .  - - 
C 

x The low t e m p e r a t u r e  t r a n s m i s s i o n  r e s u  t s  c o n f i r m e d  t h e  -a 
l a r g e  i n c r e a s e  i n  tKe m a g n e t i c  damping o b s e r v e d  by Bhagat  and  

* 
Hirs t .  The i n c r e a s e  i n  t h e  damping o b s e r v e d  i n  t h i s  e x p e r i -  

6 

ment s e t  i n  a t  a  h i g h e r  t e m p e r a t u r e  t h a n  i n  t h e  e x p e r i m e n t  

o f  Bhaga t  a n d  Hirs t .  T h i s  i s  i n  ag reemen t  w i t h  t h e  t h e o r y  

which  Korenman a n d  P range  (1972)  advanced  t o  e x p l a i n  Bhagat  

I n  t h e  t e m p e r a t u r e  r a n g e  4K < T < 40K a  new p e a k  was 

o b s e r v e d  a t  f e r r o m a g n e t i c  r e s o n a n c e  i n  t h e  microwave t r a n s -  

m i s s i o n  t h r o u g h  n i c k e l .  The o r i g i n  o f  t h i s  p e a k  i s  n o t  c l e a r .  

The u s u a l  FMAR t r a n s m i s s i o n  peak  was n o t  o b s e r v e d  below 25K* 
*->. - 

b u t  a  r e l a t i v e l y  l a r g e ,  f i e l d  i n d e p e n d e n t ,  t r a n s m i s s i o n  s i g n a l  

was p r e s e n t .  

The FMAR t r a n s m i s s i o n  t e c h n i q u e  p r o v e d  i t s  v a l u e  w i t h  t h e  

e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  t h e s i s .  The r e s u l t s  were less  



d e p e n d e n t  on sample  p r e p a r a t i o n  t h a n  f o r  FMR a b s o r p t i o n L  

measurements  and  sample  t o  sample  r e p r o d u c i b i l i t y  was b e t t e r  

. t h a n  f o r  FMR measu remen t s .  For  example ,  t h e  g - f a c t b r  a n d  
1 
1 

damping p a r a m e t e r  f o u n d  u s i n g  p o l y c r y s t a l l i n e  s a m p l e s  were 

c o n s i s t e n t  w i t h  t h e  r e s u l t s  o b t a i n e d  from t h e  s i n g l ' e  c r y s t a l  

~ a r n p l e s .  The damping p a r a m e t e r  was comparab le  t o  t h a t  f o u n d  

by R o d b e l l  (1965)  on h i g h l y  p e r f e c t  " s i n g l e  c r y s t a l  s a m p l e s ,  

The p o l y c r y s t a l l i n e  f o i l s  o f  n i c k e l  had  no  s p e c i a l  s u r f a c e  

p r e p a r a t i o n ;  t h e i r  s u r f a c e s  were  s h i n y  b u t  n o t  m i r r o r - l i k e .  
I 

~ h i h s u ~ ~ o r t s  t h e  v iew t h a t  t r d n s m i s s i o n  measu remen t s ,  i n  

c o n t r a s t  t o  p f l e c t i o n  (FMR)  measu remen t s ,  a r e  r e l a t i v e l y  

i n s e n s i t i v e  t o  s u r f a c e  p r o p e r t i e s .  I t  i s  r e m a r k a b l e  t h a t  t h e  

m a g n e t i c  damping i n  t h e s e  p o l y c r y s t a l l i n e  f o i l s  was found  

- t o  be a s  s m a l l  a s  t h a t  measured  i n  h i g h  q u a l i t y  s i n g l e  

c r y s t a l s .  'r 
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and @ , +  are the angular co-ordinates of the magnetization with 

respect to the crystal axes. The angular derivatives of E C S A  

represents a torque 2 which can be used to determine an 
effective demagnetization field (or demagnetization factor) 

through the relation 

The concept of using demagnetization factors to determine the 

direction of Yo becomes cumbersome once anisotropy is includede2. 
b:  

Comparison of Equation (AI. 2) with (AI. 5) reveals the 
Y 

artificial nature of demagnetization factors which describe 
# 

anisotropy. Shape demagnetization factors are useful simply 
C -- - 

because they can be measured or calculated for special 
1 

geometries; torques resulting from magnetocrystalline aniso- 

tropy are directly available from the energy expression (AI.3). 

The demagnetization fields also enter explicitly into the 

equation of motion for the magnetization, Equation (2.16). 

Although there is no net torque on the equilibrium magnetiza- 

tion, rest~ring~toiques appear once the magnetization has been 

disturbed from equilibrium. The restoring torques due to the - 
/--- applied magnetic field and the shape demagn ization field ' 

ore exhibited in the f e n s  of Equation (2.J6) containing HoZ, 

b '811 m~asurenents r ported in this thesis were ade with 
Mo / I  H by suitably choosing the direction of z0 and the 
crystay orientation. 



3 
and DZIZl . The restoring torque due to anisotropy is intro- - 
duced through in Equation (2.16). In view of the statements 

above t.his is not the most transparent manner to describe 

the anisotropy effects, but it is the conventional way - 
, 

(Macdonald 1951). The magnetocrystalline restoring torque is - 

where A $  and A +  can be expressed in terms of mXl/Mo and my, /Mo 

Expressing this torque as 

allows one to determine the elements of 2 which appear in 
A  A  A 

Equation (2.16). For a general orientation of the ( X ' Y ' Z ' )  

co-ordinate system with respect to the crystal axes, the 

expressions for the elements of 2 are lengthy. Since the 

experiments were carried out with the magnetization along a few 

specific crystal directions, the much simpler expressions for 

$ along these high symmetry direcfions are given in Table ( A . 1 ) .  

3 A h A  

Note that DZ,zl is expressed in the (XIY'Z1) co-ordinate 

system of Fig. 2.3 whereas 5 ,  in the form introduced above, 
h h h  

is expressed in the (XYZ) co-ordinate system. The de- 

magnetization tensors are related by a similarity transforma- -, -3 

L L 
tion and DZlzl = D sin 8 +-DZZcos 0 .  ' XX 



Next, consider the effects of magnetostriction. The 

particular case of interest here is that of a uniform stress 

in the plane of a polycrystalline sample. The resultant 

magnetoelastic energy may be expressed as (Lee 1955) 

- Ea - - 3 As a cos 2 f3 

Here a is the stress, AS the magnetostrictive constant, and 

e the angle between the magnetization and the normal to the 

sample's plane. This energy can be treatedain just the same 

manner as the magnetocrystalline energy to determine the 

equilibrium direction of the magnetization and the R.F. 

demagnetization factors associated with magnetostriction. The 

elements of 3 which enter into Equation (2.16) are exhibited 

in Table (A.2). 

, . A 



Table  A . l  

Orientation 

config, 

1 1  < l o o >  

1 config. 



T a b l e  A . 2  







< 

In these expressions the static demagnetization factor D Z'Z' 

refers to the shape of the material onJy. The effect of 

magnetocrystalline anisotropy and magnetostriction are contained 

in a. ..- 
. . 

Of course, Maxwell's equations must be combined with 

the above expressions t.0 obtain the propogation constants 
\ 

which describe the waves inside the magnetic material. 
PJ t .  



Appendix I11 

Exchange does not play an essential role in the 

interpretation of the data presented in this thesis. However, 

it is worthwhile to note how exchange alters the calculations 

of Chapter 2. 

F r ~ m  the equation of motion, Equation (2.16), one can 

observe that 

i 
2 

fll(k) f12(k2) 

( f2# 1 fzz (k2) ) = ( g21 g22 g12) . (h~') h~ I (AIII. 1) 

. C 

2 2 where fij(k ) is a first order-paprrsmiol in k and gij is 

independent of k. The solution of Maxwell's equations in the 
k 

slab geometry of Fig. 2.3 requires that h and m be related by: 

- 4n 0 0 

(::)=(, . .  

ikZd2+ 1 

0 - 4n o)() (AIII.2) 

. ik2d2+1 

0 0 - 4ll 

% 

Equation (AIII.2) must be transformed into the same co- 

ordinate system as Equation (AIII.l) via rotation about the 

Y-axis. The'outcome of this similarity transformation is 

of the form 



2 2 
where the U . .  (k ) a r e  a  l i n e a r  cgmbination of  t h e  f i j  (k ) . 

11 
Since  mZ, = 0 (Equat ion ( 2 . 1 6 c ) ) ,  , . t h e  terms i n  Equat ion (AI I I . 3 )  

i nvo lv ing  mZ, can be dropped and t h e  e x p r e s s i o n  f o r  ./ h Z ,  can be 

t r e a t e d  s e p a r a t e l y .  Comparison of Gquations ( A 1  I  I .  lf and 

(AI I I . 3 )  then  shows t h a t  * .  

One immediately s e e s  t h a t  t h e  s e c u l a r  e q u a t i o n  a s s o c i a t e d  wi th  
2 Equat ion (AI I I . 4 )  i s  q u a r t i c  i n  k . Thus t h e r e  a r e  f o u r  - 

d i f f e r e n t  p ropaga t ion  c o n s t a r i t s , k r  f o u r  e igenmjdes ,  f o r  t h e  
I 

system.  For comparison,  t h e  no-e'xchange c a s e  r e s u l t s  i n .  

f i j  indepbndent of  k L  and t h e  s e c u l a r  e q u a t i o n  i s  q u a d r a t i c  i n  , 

2 
k , i . e .  t h e r e  a r e  on ly  two eigenmodes o f  t h e  system. The 

two a d d i t i o n a l  modes, o r  waves, i n t roduced  by e rchange  a r e  

spin-wave- l i k e  e x c i t a t i o n  o f  t h e  syssem. (he, ' f o r  example, 

Gurevich (1960) .) 



In the calculations presented in Chapter 2 there were 

just enough boundary conditions to specify all reflected . 

and transmitted waves in terms of the incident wave. *The 
\ 

introduction of two extra modes requires that more boundary 
f 

conditions be specified. The R.F. magnetization nay be an 

anti-node at the surface of the 

and   ado 1955) , 

i.e. 21- = a~ 
surface 

magnetic material (Ament - 

(AIII. 5) 

where X , Y , Z  refer to the co-ordinate system introduced in 

Fig. 2.3. Alternatively, the R.F. magnetization may be 

pinned in some particular direction, i.e. there is a 

node of the R.F. magnetization at the surface of the slab. 
- 

The nost reasonable choices for the direction of the pinned 
- 

magnetization is either perpendicular 'to thesurface oi parallel 
\ 

to the magn~tization. Then the boundary"condition on the 

magnetization i's - 
= 0 '1 surface 

e (~111.6) -. 

hlore gen&a'li3, the suiface boundary condition can be derive? 

fro. the torque exe.rttd on the magnetization by a'surfaca 

misetropy. Depehding on the strength of the anisotropy, - 6 

. ' boundary conditions intermediate between (A111 . 5)  and (AIII-. 6) - 
a. 

. - 
. - can be described. (See: for example, Rado and Weertman (1959) - 
t ; 

and Cochran et al. (1977a).) In any event, one can use 



- .  . ). 
a boundary condition on the magnetizatibn' which allows the' 

determination of all the reflected'and transmitted waves in 
. I  

a magnetic sample in t e r k  of the inciden; wave. 



The f i n a l  c r y s t a l  samples  . e 

was done u s i n g  a  s p e c i a l l y  b u i l t  e l e c t i o p o l i s h i n g  a p p a r a t u s .  a 

+ 

T h i s  e l e ~ t r o ~ o l i s h e r  was v e r y s i m i l a r  t o  t h e  a c i d  p o l i s h i n g  

wheel  d e s c r i b e d  by Young and Wilson .(i961) b u t ,  m o d i f i e d  f o r  

e l e c t r o p o l i s h j n g .  

The h e a r t  o f  t h e  e l e ~ t r o ~ o l i s h e r *  i s  i l l u s t r a t e d  i n  

~ i g .  AIV.1. I n  o p e r a t i o n ,  a  d i s c  shaped  sample u a s  mounted 

on t h e  end o f  a  r o t a t i n g  s h a f t  w i t h  t h e  p l a n e  o f  t h e  d i s c  

.normal-  t o  t h e  a x i s  o f  r o t a t i o n  o f  t h e  s h a f t .  T h i s  s h a f t  

r o t a t e d  a t  35 rprn. The sample was normally'  h e l d  1 / 4  t o  1 / 2  

@ from t h e  f a c e  o f  a  20 cm d i a m e t e r  s t a i n l e s s  s t e e l  p o l i s h i n g  - 
whee l .  The wheel  was covered  by a  f i b e r g l a s s  c l o t h  h e l d  

i n  p l a c e  by a  r u b b e r  O - r i n g .  T h i s  p o l i s h i n g  wheel  was 

p a r t i a l l y  s u b m e r g e d , i n  e l e c t r o l y t e  (390 ml H2S04 and 290 m l  

/ H20);  T e g a r t  (1959)') and r o t a t e d  a t  1 5  rpm. Thus f r e s h  

e l e c t r o l y t e  i m p r e g n a t i n g  t h e  f i b e r g l a s s  c l o t h  was c o n s t a n t l y  

dfawn up i n t o  t h e  r e g i o n  between t h e  sample  (anode) and 

- p o l i s h i n g  wheel  ( c a t h o d e ) .  The p o l i s h i n g  was c a r r i e d  o u t  
2 ' a t  a  r a t e  o f  O . l p m / s e c  ( c u r r e n t  d e n s i t y  o f  0 . 4  A / c m  ) . The 

s h a f t  t o  which t h e  sam'ple was a t t a c h e d  was mounted on a  bed 8 

which s l i d  on two s t e e l  r o d s  s o  t h a t  t h e  sample c o u l d  be  

b r o u g h t  up t o  t h e  f a c e  o f  t h e  p o l i s h i n g  wheel .  Every 60 t o  

90  seconds  the sample  was s l i d ' b a c k  from t h e  face o f  the-  

p o l i s h i n g  wheel  a p p r o x i m a t e l y  1 0  cm and washed w i t h  a  s t r e a m  

o f  d i s t i l l e d  water. 

& 

. 

. '  
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The bed which c a r r i e d  t h e  sample  c o u l d  a l s o *  b e  r o t h p d  

d a b o u t  t h e  v e r t i c a l  and h o r i z o n t a l  a x e s .  T h i s  f a c i l i t a t e d  

- a l ignment  of  t h e  a x i s  o f  t h e  s h a f t  c a r r y i n g  t h e  sample  s o  
b 

t h a t ' i t  was p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  p o l i s h i n g  whee l .  
t 

The bed c o u l d  a l s o  be  t r a n s l a t e d  h o r i z o n t a l l y  t o  p o s i t i o n ' t h e  

. s a m p l e  a t  d i f f e r e n t  d i s t a n c e s  from t h e  a x i s  o f  t h e  p o l i s h i n g  , 

wheel .  " 

b 

Two d i f f e r e n t  schemes  were used  t o  mount t h e  n i c k e l  

samples  t o  t h e  end o f  t h e  r o t a t i n g  s h a f t .  I n  t h e  f i r s t  

p o l i s h i n g  c y c l e s  t h e  sample was a t t a c h e d  t o  a  g l a s s  s l i d e  

w i t h  beeswax. A # 4 0  gauge copper  w i r e  l e a d  was s i l v e r  

p a i n t e d  t o  t h e  back edge o f  .the sample th rough  a  h o l e  i n  t h e  

g l a s s  s l i d e ;  F i g .  A I V . 2 .  The g i a s s  s l i d e  was i n  t u r n  
& 

a t t a c h e d  t o  a  l u c i t e  c y l i n d e r  w i t h  n a i l  p o l i s h  and t h e  w l r e  
+ 

connec ted  t o  a  s l i p  r i n g  dh t h e  l u c i t e  c y l i n d e r .  The 

c y l i n d e r  was t h e n  a t t a c h e d  t o  t h e  r q t a t i n g  s h a f t  (Fig.. A I V . 2 ) .  

A t y p i c a l  sample d i s c ,  2 0 0 t m  t h i c k  and 1 . 2  c m  i n  d i a m e t e r ,  

was mounted and dismoun'ted s e v e r a l  t i m e s ' i n  t h e  c o u r s e  o f  

.removing 80' t o  ' 1 0 0 ~ m  from e a c h  s - i d e .  Once t h e  sample was 

l e s s  %an 20ym t h i c k ,  a s  d e t e r m i n e d  from a r e a  and w e i g h t  

measurements ,  a second mounting shceme was u s e d . .  The n i c k e l  
r . 

sample was a t t a c h e d  w i t h  s i l v e r  p a i n t  t o  a . f l a t ,  p o l i s h e d  
c 

qnd a n n e a l e d  p o l y c r y k t a l l i n e  n i c k e l  d iaphragm.  T h i s  

d i a p h r a g p  was t h e n  k u n t e d  on t h e  g l a s s  s l i d e  i n  t i e  manner 

i n d ' i c a t e d  above.  The w i r e  . lead-  was' a t t a c h e d  ' t o  t h e  ' n i c k e l  

diaphragm,  n o t  t o  t h e  f r a g i l e  sample .  The p o r t i o n  o f  t h e  
\ 

n i c k e l  d iaphragm exposed t o  e l e c t r o l y t e  was msked off with  



I 
beeswax s o  t h a t  o n l y  t h e  s a m p l e  was w e t t e d  by t h e  e i e c t r o -  

l y t e ;  C a r e  had  t o  be  t a k e n  t o  i n s u r e  t h a t  no  s i l v e r  p a i n t  

n e a r  t h e  edge  o f  t h e  s a m p l e  came i n  c o n t a c t  w i t h  t h e  e l e c t r o -  

l y t e  a s  t h i s  c a u s e d  a  b l a c K  d e p o s i t  t o  fo rm on  t h e  s a m p l e .  
-*- 7-r 

These  s ample  moun t ing  p r o c e d u r e s  had  t h e  v i r t u e  t h a t  

l i t t l e  h a n d l i n g  o f  t h e  n i f k e l  s ample  i t s e l f  was i n v o l v e d .  

The s ample  was mounted on t h e  g l a s s  s l i d e  by p l a c i n g  i t  o v e r  

t h e  a p p r o p r i a t e  s p o t  on t h e  ( h e a t e d )  g l a s s  s l i d e  p r e v i o u s l y  

c o a t e d  w i t h  beeswax .  Once t h e  s l i d e  c o o l e d  and  t h e  beeswax 

h a r d e n e d ,  t h e  s ample  was s e c u r e l y  mounted .    he s a m p l e  was 
\ 

d i s m q u n t e d  by p l a c i n g  t h e  s ample  p l u s  g l a s s  s l i d e  i n  t r i -  

c h l o & e t h y l e n e  f o r  t h r e e  o r  more h o u r s .  T h i s  d i s s o l v e d  t h e  

bees;& and  t h e  s ample  f l o a t e d  o f f  t h e  s l i d e .  Mount ing  and  

d i s m d u n t i n g  t h e  s ample  f rom t h e  n i c k e l  d i a p h r a g m ,  t h o u g h ,  

d i f f e r e n t  i n  d e t a i l ,  was e q u a l l y  s i m p l e .  

The e l e c t r o p o l i s h e r ,  u s e d  i n  t h e  manner  d e s c r i b e d  a b o v e ,  

Kas c a p a b l e  o f  p r o d u c i n g  f l a t  s i n g l e  c r y s t a l  s a m p l e s  w i t h  a  

t h i c k n e s s  u n i f o h  t o  z l u m  o v e r  a  d i a m e t e r  o f  5mm. 



Fig. AIV.l: Side and end schematic views o f  electropolishing 

apparatus. The sample (a) on thk end o f  a rotating shaft is 

almost in contact with the polishing wheel (b). The polishing 

uheel rotates through an acid bath (c) contained in a lucite 

bolt (d). 



Fig. AIV.2: Sample .bunting detail. Th= sample (a) is 

attached to a glass slide (b) with beeswax (c). The glass 

slide is attached to a lucite cylinder with thin layer 

of nailpolish (e). A wire attached to the back of the 

sample with silver paint, is atthhed to a commutator (g). 

The lucite cylinder f s s  over the end of a steel shaft (h) 
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