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The transmission of 24 Qlz radia t ion  through nickel  
w. ' -  

been measured over the- temperature range 4 to  300 K sing nickel  s i n g l e  

c r y s t a l s  which had been grown e l e c t r o l y t i c a l l y  on a copper s i n g l e  c r y s t a l  

subs t ra te .  The experimental r eSu l t s  have been compared with a ca lcu la t ion .  

which includes magneto-elastic .coupling between the  l a t t i c e  and the  
% a 

. magnetizatio-. I n  genera l  the  theory g i v e s - a  goad account of the  observed . 1 

l ineshapes and amplitudes., An est imate of the u l t r a son ic  mean f r e e  path 

was made and the temperature dependence of the aragnetic damping parameter 

corresponding t o  e x c i t a t i o n s  having small wavenumbers , was f ouad i o  be in 

agreement with e a r l i e r  r e s u i t s  obtained on n ickel  c r y s t a l s  cut from the 
C 4 ' 

bulk by Heinrich Meredith and. Cochran [ 11. 
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I. INTRODUCTION ' 

~e m&surement bf- t he  response of a ferramaghet ic  ma te r i a l  t o  a time 

v a r y i q  m 4 n e t i c  f i e l d  h a s  proven t o  be a va luable  technique f o r  t he  s tudy  b 

x 

of i t s  magnqtic p rope r t i e s .  This  techni,que i s  p a r t i c u l a r l y  we 
s 

3 

the s t u d x  of t h e  processes  which a l low the  magnethat- ion t b  re1 ia ;back  t o  . 
- 3 .  

1 

, a n  equi l ibr ium s t a t e .  Bhagat and coworkere [ 2 , 3 , 4 )  havg made measurements - 
of  t h e  magnetic r e l a x a t i o n  parameter i n  i r o n ,  c o b a a ,  and n i c k e l  'at- ' 

#' C * 
* r 

microwave f r e q u e ~ c i e s  - by measuring the power a b s o r p d o n  a t  -- ferromagnetic 
-L -- - -- - - -- 

., resonance cFMRj and found t h a t  n i cke l  exhib i ted  a l a g e  inc&a ie  i d  t h e  
- * , ,  

A- 

magnet4c damp%% a t  low temperatures.  Measurements - & coppqr-nfckel a l l o y s  
s. * d * - .  r 

[ b ]  &em-sruggest t h a t  the  inc rease  i n  magnetic, dimping. w a s  > e l a t e d  t o  * 

t ' -  

the  rise i n  t h e  e l e c t r i c a l  c o d u c t i v i t y  a t  low temperatureg. mmbersky ~ 5 1 -  
/' I 

" _ 
I "  

and ~ r a b e ,  and ~hrenaiann [6]  have proposed a t h e o r e t i c h l  explana t ion  f o r  . 
I 

t h e  observed inc rease  i n  magnetic dampi+ a t  ,low temperatures.  This  t heo ty  
' ' 

- - - -  - - -- - - - 

p r e d i c t s  t h a t  t he  magnetic damping would bekome both wavenumber an$ 
6 

frequency d e p e d y p t  when the  e l ' e t f r i c a l  conduct iv i ty  becomea no&local.  By . 
0 

I ' 

e .  

non-local we mean t h a t  t he  e l e c t r o n  mean f r e e  patti i s  qomparable t o  o r  * * 
. I  

1'. - * 
longer  than the  wavelellgth, of t he  d is turbance .  A consequence ,of T h e  10% 

\ > f .  . 
\ t * mean f r e b  pgfh i s  t h a t  ohms law which r e l a t e s  t he  c u i r e a t  d e n s i t y  a t  a . ' i :- 

1 .  ' -  

pofnt  t o  t he  l o c a l  . e l e c t r i c  f i e l d  ia  no lager (ya l id .  I n  meta ls  FMR 
V 

5 -1 - 
measurements e x c i t e  t he  ma te r i a l  qt ~ e l a t i v e l y  l j r g e  wave numbers ('14 cm 

I % " .  

a t  24 GHz)  and so the  conduct iv i ty  begins t o  becbme non-local a t  , 
I ", 1 

-- - - 

temperaturea a s  high a s  150 K. . I I 
- 

7 .  

pamping a s  a a f a n c t i o n  of frequency o r  wavenumber. Heinrich,  M e r d i t h  and 
, 

1 I 

Cochran [ I ]  measured the magnetic damping i n  n i cke l  . a t  very'  small  - - I 



9 wavexiumbers using t h e  technique of microwave t ransmias ion  a t  ferromagnet ic  
-p - - --- 

ant i resonance  ( FMAR) . These measurements were made i n  t h e  'temperature 
, 

rasge  from 90-300 K, The present  work was motivated by a d e s i r e  t o  extend 
f 

, * 
\ , . .+ 

their .  measurements to l ~ w ~ t e ' m ~ e r a t u r e s .  Id p a r t i c u l a r ,  w e  had hoped toA 
I i 

, be a b l e  t o  Fesf t h e  formula f o r  t h e  wavenunbe; dependent magnetic damping 
I 

P .  

i n  n i cke l  reported by ~ e h k i c h ;  .Meredith a d  Cochran :[l]. 

. ' In  drdkr ,  t o  he lp  acquain t  the. reader  with the  techniques which a r e  . 
used to  measure magneticw dampi- a b r i e f  odtlhne, of  t h e .  equat ions  which 

? b  

* desc r ibe  tlA response o f ' a  .ferromagnet t o  a time varying magtfetic f i e l d  
* 

d 
- 

fol lows . For s i m p l i c i t y  torques  due t o  m a g n e t b ~ r ~ s t a l l i n e  an iso t ropy ,  < 
magnetostric-tion and excharge --- have he& neglect&. - These-dU -be-discussed -= 

- - 
4 

I < i n  chapter '  2 "Theory", . 
'B 

Altho-h we w i l l  d e s c r i b e  t h e  motion of t h e  sample magnet izat ion i n  

c l a s s i c a l  term it  should be , n ~ M , . t h a t  the  f o r c e s  which main ta in  t h i  ' 

.) 

sample i n  fer,ronagnetic s t a t e  Are' of , a  quant?na mechanical na tu re  &he 

very l a e  quantum numbers a.ssociated with the  simple magnet izat ion srlggest' 
- 2; 

. ' tha t  a c l a s s i c a l  t reatment  i s  j u s t i f i e d )  .- - p- - - - 1- - -. - 
1 

L 

Associated wi th  the  magnetic moment . 'o f '  t h e  sample ?i t h e r e  is  an 

b angular  momentum ? and they a r e  r e l a t e d  by the  magnetomechanical r a t i o  3 

I n  most magnetic m a t e r i a l s  8 ha: a value t h a t  is  c l o s e  t o  t h a t  'which 

would be expected f o r  a f r e e  e l e c t r o n  and so  we d e f i n e  
1 > 

I .  

gld - .  
"-2 

' %  amc 
r -  1- ' - -- - p- -- - -r ----- 

with the  g f a c t o r  taking on d i f f e r e n t  values- i n  d i f f e r e n t  ma te r i a l spp  - 

I 

(g = 2.0023 f o r  a f r e e  e l e c t r o n ,  g = 2.18 f o p  n i c k e l  e t c . ) ,  ff- we apply a 
d \ 

magnetic' f i e l d  H t o  t he  sample the  magnet izat ion w i l l  experience a torque . 

# 

- .  
I 2 - 

I > 

\ 



' equal  t o  

which l e a d s  t o  

3 B 
, We have now a r r ived  a t  an  eq&ation of motion f o r  t h e  magnet iza t ion  i n  t h e  

t 

absence of  any damping. A phenomenological damping ted  can be included i n  
t 

- t h i s  equa t ion .  Using the- G i lbe r t  form of d a r n p i a  171 we have 

" I > .  
1x1  t h e  ex ie r imenta l  arraqgernent which we have used a ,  t h i n  s l a b  of  t h e  

m a t e r i a l  t o  be s tud ied  &s mounted so  a s  t o  form p a r t  o f  t h e  end wal l  of - a  

microwave cav i ty .  A l a r g e  D.C. magnetic f i e l d  was then appl ied  i n  t h e  I 

plane of' t he  sample with t h e  D.C. f i e l d  or ien ted  so  a s  t o  be pe;pendicular 
+ 

t o  t h e  microwave magnetic f i e l d  a t  t h e  su r f ace  of- t h e s a m p l e .  _Ulder--these - - -  

$ 9 .  

circumstances and i n  t he  approximation t h a t  t h e  t i m e  varying f i e l d s  were 

small  compared witp t h e  D.C. f i e l d  -and t h a t  t he  D.C. f i e l d  was l a r g e  

L A  enolgh t o  s a t u r a t e  t h e  sample, equa t ion  1.5 y i e l d s  an R.*F. pe&bi l i t y '  \ 

- >  where 8% + r l l &  and W i s  t h e  appl ied  microwave frequency. By_lnspection 

of equa t ion  1.6 we can-  s e e  t h a t  t h e  pe rmeab i l i t y+  Fakes on a maximum c 

value  a t  r4/)/l . A t  t h i s  va lue  of  y p p l i e d  f i e l d .  t h e  n a t u r a l  . e - - - 

3 
preces s iona l ,  frequency of t h e  magnet izat ion i s  equa l  t o  t h a t  of t h e  appl ied  

- 

4- - - 

microwave s i g n a l .  This  condi t ion '  is  known a s  ferromagnet ic  resonance 

(FMR). The amount of power absorbed by t h e  sample reaches a maximum a t  



F'MR and t h i s  r e s u l t s  i n  a lowering of t h e  Q of t he  microwave cavi ty .  
- - -  

deuce by m o n i t o r i q  t he  Q of t he  c a v i t y  one can determine the  F'MR 
' # ' - 

l i newid th  which can i n  t u r n  be used t o  determine the  va lue  of t he  Gi lbe r t  

damping parameter G. ' Although i t  i s  experimental ly  q d t e  e a s y  t o  measure a 

the FMR l i n e k d t h  t h i s  technique s u f f e r s  from a number o f '  s h o r t c o m i q s .  

" 1./ Because of t h e  l a r g e  permeabi l i ty  a t  FMR t h e  s k i n  a e p t h  
0 ,  b = ( c ~ / J . + ~ J & ~ ~  is  very s h o r t  t y p i c a l l y  1000 A i n  n i c k e l  - a t  room 

i 

temperature and a t  24 QIz. Consequently, measurements m d e  a t  FMR ark  very 
I 

s e n s i t i v e  t o  the  s u r f  q u a l i t y  ,of t h e  specimen. c k 
2 . /  Even a t  moderately Bow -temperatures  (77 K) t he  e l e c t r o n  mean f r e e  

path begins to.  exceed the  c l a s s i C d  sk in  depth  and e f f e c t s  due td. nondlocal 
I* 

c o d - u c t i v i t y  must be taken i n t o  account. 

3./  A s h o r t  s k i n  depth  -impli,es rap id  s p a t i a l  v a r i a t i o n s  i n  t he  ,, 

d i r e c t i o n  of t he  magnetization. These s p a t i a l  v a r i a t i o n s  a r e  r e s i s t e d  by 

the  =change f e l d ,  t h e  f i e l d  which tends t o  main ta in  t h e  p a r a l l e l  s p i n  t 
t 

arrarlgement i n  a ferromagnet. The presence of t he  excha%'e f i e l d  can 

r e s u l t  i n  a. cons iderable  i nc rease  i n  t-he ~FMLlinewidth-and consequently i t  ' 
P d 

must be taken i n t o  account before  G can be determined. (This  e f f e c t  i s  

l a r g g ,  & i r o n ,  but r e l a t i v e l y  unimportant f o r  n i cke l .  I n  n i c k e l  the  

co r r ec t ion  t o  the  l i newid th  a t  24 GEz i s  approximately ,20 percent ) .  
# 

v 4./ The appl ied microwave f i e l d  causes t he  sample magnet izat ion t o  

precess  i n  a mode whick.has a s p a t i a l  v a r i a t i o n .  i n  t h e  z d i r e c t i o n  only. ' .  . 

The presence of inhomageneities i n  t he  sample can ca&e energy t o  be l o s t  
' 

I. 

@ $. to- s p a t i a l l y  non-uniform precess iona l  modes ( s p i n  waves) by a process  known 

as two magnon sca t te r i l lg  (sek*Marshal l  Sparks f o r  - a d e t a i l e d  d i scuss ion  - - - of - - 

> 6 
t- 

two magnon s c a t t e r i ~ l g  [8 ] ) .  A t  f i e l d s  near  FMR t h e  mode exc i ted  by the  
- -- 4 -  - 

microwave f i e l d  i s  e n e r g e t i c a l l y  degenerate  with s p i n  waves having s m a l l  

wavenumbers. The r e s u l t  i s  t h a t  measurements made a t  FMR a r e  s t rong ly  



, - 
- 

:c c 

a f f e c t e d  by sample i n h o m q e s e i t i e s .  - - -  P- 

For a l l  of t hese  reasons one wo&d p r e f e r  t o  have an  a l t e r n a t i v e  

'! 
method f o r  me%suring 6. Inspec t ion  of Equation 1.6 sugges ts  a second 

h 

. method for,.measuring G. A t  a f i e l d  Blul =*/ll t h e  . p r m e a b i l i t y , p  , t akes  I 

- 
on a minimum va lue ,  a n d  t h i s  minimum valke  i s  'determined by G. = The small 

va lue  ~-fj(rL - a t  ferromagnet ic  an t i resonance  (FMAR) implies ,  t h a t  the  ' s k i n  ' 

depth  w i l l  be much g r e a t e r  than t h a t  which would be observed %n a normal 

m e t &  having the  same conduct ivi ty .  The a m p n t  of r a d i a t i o n  ' t ransmi t+  

through a ~he ta l -  s l a b  depends exponent ia l ly  on t h e  r a t i o  of t he  t.hickness 
'I 

L 

t he  skinpdepth;  t he re fo re  t h e  amount of power t r a n s  t t e d  a t  FMAR w i l l  be ?! 
g r ea  t l y  enhanced 

t h e  same canduct 

over the  power t ransmi t ted  by a non-ma t i c  speciben of 
-I 

'IF 
i v i t y .  The usefu lness  of FMAR t ransmiss iog  measurements ' 

1 ' 
f o r  determining the magnetic p r o p e r t i e s  of ferromagnet ic  meta ls  was f i r s t <  

derqonstrated by Heinrich and . Mes hcharyakov [ 9,101 . Their  method i s  f r e e  + 

3 

from the  problems (1-3' above) which occurred a t  FMR a s  a r e s u l t  of t he  . 
s h o r t  sk in  depth. In  a d d i t i o n ,  a t  FMAR the e n e r g e t i c a l l y  degenerate  

spinwave6 l i e  a t  much h igher  wavevectors than the  uniform mode. This  seemsp 

t o  g r e a t l y  reduce the  s e n s i t i v i t y  of FMAR measurements t o  sample , 

inhomcgefieities. Unf or,tunately some new experimental d i f  f i  c u l t i e s  a r i s e .  
< 

F i r s t  the sample must be uniform i n  t i c k n e s s  s o  t h a t  the  e f f e c t i v e  sk i?  --. 
dep th ,  and hence G,  can be a c c u r a t e l y  determined. Also the  sample must be 

L---- 

t h i n  enough t h a t  an  observable  amount of microwave r a d i a t i o n  i s  t ransmi t ted  

a t  RWI ( a  minimum of 10'~' wat t s  
@ 

In  order  t o  see  a s i g n a l  a t  

t he  sample th ickness  must be l e s s  

if e n t i o n  t o  measure G down t o  77' 

can be de t ec t ed ) .  

FMAR through n i cke l  a t  room. $emperature 
1%. 

than 20- . However a s  i t  was 09; 
r3% 

K where both the  e l e c t r i c a l  c o n d u c t i p i t j  . 
D * .  



-4 ., .' L -  - . '  
and t h e  magnetic *damgdng ( G) have i n c r e i s e d  i t  b e c a q e  neeessa=y-Ee-uss - - 

- . 
, +n&%ke l  c r y s t a l s  only 2-3 ,wmd thick.  Pure n i c k e l  a t  .77 K has  p . 

conduc t iv i t y  which is approximately 14 times l a r g e r  than s h e  room 

temperature  va lue  anda the magnetic damping i s  expected t o  be about 6 t imes 
. . 

l a r g e r  than t h e  room temperature  va lue  [ I ] .  Hence t h e  r a t i o  of  t h e  sample 
. I b  0 

t h i cknes s  t o  t h e  s k i n  dep th  w i l l  have increased  by a  f a c t o r  of * .  
, a p p r a i ' i n a ~ e l y  9 & (14.6)'5. A d  s o  a  2- t h i c k  sampJe a t  77 K w i l l  have 

appraximately t h e  same s i z e  FMAR t ransmiss ion  s i g n a l  a s  an  18- sample a t  \ 

room temperfture.  It shauld be '  noted t h a t  t h e  yse of such t h i n  c r y s t a l s  

r e s u l t s  i n  a  r a t h e r  weak dependence of t he  t r ansmi t t ed  s i g n a l  pn G a t  room 

t e m p e r a t u r e ' ( a t  R4AR t h e  s i g n a l  b a s i c a l l y  t r a v e l s  a c r o s s  t h e  sample 

una t tenua ted) .  % 

Tfie production -of  such t h i n  s i n g l e  c r y s t a l s  from t h e  bu lk  p re sen t s  . . 
t h e  major obs t ac l e  t o  t h e  measurement of  G a t  low tempera turess  by t h e  EMAk 

. 
t ransmiss ion  technique. A number of a t t empt s  a t  producing uniformly t h i n  . , 

. . % ,  
c r y s t a l s  from bwlk n i cke l  c r y s t a l s  by mechanical and e l e c  trochemica1 

pol i sh ing  were mader with l i t t l e  succesva,As a  r e s u l t  o f t h e a e  d i f f i c u l t i e s  
I 

a new method o f  sample pr6para t ion  was sought.  Nickel c r y s t a l s  can'  be 

grown e p i t a x i a l l y  on a  s u i t a b l e  copper s u b s t r a t e  by e l e c t r o l y t i c  depos i t i on  

[ I l l .  Usipg t h i s  technique (descr ibed i n  d e t a i l  i n  chap te r  3)  we were 
- 

a b l e  t o  grow c r y s t a l s  which were both t h i n  and uniform i n  th ickness .  It  

would appear tha't on& shou ld ' be  a b l e  t o  use such e p i t a x i a l l y  grdvn n i cke l  
L 

s i n g l e  c r y s t a l s  t o  o b t a i n  G ' a s  a  func t ion  of t eppera iure  from a 

s t r a i g h t f o r n a r d  measurement of FMAR t ransmiss ion .  s i gna l s .  However another  

problem arose.  A l a r g e  t ransmiss ion  s i g n a l  w a s  observed in t h e  e p i t a x i a l l y  

grown c r y s t a l s  a t  t he  f i e l d  cor respondi rg  t o  FlB. This  s i g n a l  wa due t a  - 

power t ransmi t ted  a c r o s s  the  sample by an u l t r a s o n i c  wave. The FMR 
. t  - 

t ransmiss ion  s i g n a l  is generated a s  a  r e s u l t  of t h e  magne tos t r i c t i ve  



'coupling between t h e - l e t t i c e  and the precessing magnetization. 4 l o w ,  
- 

temperatures  t h ik  phonon s i g n a l  became very l a r g e  coopared i t h  t 9  W 

s i g n a l ,  and a s  a * r e s u l t  the  lowest  temperature a t  which G could be 
. . 

P 

measured was no i  l imi t ed  by the  u l t ima te  s e n s i t i v i t y  of t he  appara tus  but 

r a t h e r  by t h e  cond i t i on  t h a t '  the  INAR s igna l  be r e a d i l y  d i s t i n g u i s h e d  from 

the u l t r a s o n i c  s i g n a l .  It should be noted t h a t  Heinr ich ,  Meredith and 

Cochran did not e'ncounter t h i s  problem-because t h e i r  sample was no t  ' 

s u f f i c i e n t l y  plane p a r a l l e l  f o r  the  u l t r a s o n i c  s i g n a l  t o  a r r i v e  a t  t he  r e a r  
\ 

su r f ace  with a wel l  def ined phase. 
, 

, > 

In  s p i t e  of t h e  i n t e r f e r e n c e  from the  u l t r a s o n i c  s i g n a l  i t  was 
I 

- 

poss ib l e  t o  confirm the  r e s u l t s  obtained by Heinr ich  e& a l .  I n  a d d i t i o n ,  

t hese  a r e  t he  f i r s t  measurements f o r  which the  ca l cu la t ed  and observed 

t ransmiksion s i g n a l  amplitudes a t  FMR were i n  agreemen;. I n  a i l  previous 

measurements the  observed amplitude was a t  l e a s t  10 t imes *smaller  ' than  was 

expected [ 12 ] .  This was probably due t o  i n t e r f e r e n c e  e f f e c t s  which one 

would expect  t o  r e s u l t  from a n,on-uniform sample thickness .  The u l t r a s o n i c  

a t t e n u a t i o n  l eng th  was found t o  be independent of tempeprature wi th ih  

experimental e r r o r .  



Outline - of t h e s i s  

Direc t ly  following t h i s  introduction.  i s  an ,out l ine.  'of t he  equations 
P 

o f ,  potion f o r  the magnetization and l a t t i c e  when terms'pue t o  anisotropy , & - 
exchawe and magnetostr ict ion a r e  included. . The equations of motion a r e  

then combiried with Maxwell's equati&s i n  order  t o  c a l c u l a t e  the  response'- 

- of the  sampl$;o the incfdent  microwave radia t ion .  The second por t ion  of 

d .  - ,  t h i s  chapter  conta ins  a  s e r i e s  of calcula,fed curves which i t l u s t r a t e  t e 

dependence 'of 'the transmitted s igna l  amplitude on the  .various parameters 
-- - -- 

which a r e  used i n  the  theory. Chapter 3 conta ins  a d e t a i l e d  desc r ip t ion  

of how the  e p i t a x i a l  s i n g l e  crystal samples were made. This i s  followed 

by a desc r ip t ion  of t h e  microwave mqasurements. Chapter 4 contafns the  

r e s u l t s  of the  f i t t i r g  of the  experiment& d a t a  t o  the  theory outl ined i n  

Chapter 2. The d iscuss ion of these  r e s u l t s  i s  contained i n  Chapter 5. 



4 .  
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11. THEORY 4- 

< . '1 

/ 

4 

I n  t h i sochap te r  we w i l l  be koncerned with determini% the  amounl? o f .  

microwave r a d i a t i o n  r e f l ec t ed  'from and t ransmi t ted  thro%h a t h i n  s l a b  of . 

metal .  I n  o rde r  t o  d o  t h i s  we need t o  know the  equa t ions  of motdon f o r  

t he  l a t t i c e  and * f o r  t h e  sample magnet izat ion when terms due t o  

magnetocrys ta l l ine  an i so t ropy ,  m ~ n e t o s t r i c t i o n  and exchange have been 

included. We w i l l  s t a r t  wi th  t he  r e l a t i o n s h i p  between' t he  magnetic moment - 
per  u n i t  volume % and the  angular  momentum per u n i t  volume L. 

? 

Which l e a d s  t o  

- .- 
where is  );he n e t  torque per  u n i t  volume a c t i n g  on the  magnetization. 

Before proceedirlg t o  d e s c r i b e  t h e  va r ious  torques  which a c t  on the 

magnet izat ion a d e s c r i p t i o n  of t h e  p a r t i c u l a r  geometry wi th  which we w i l l  

be dea l ing  i s  requi red .  



b 

i 

Y 

' . 

Fig .  2.1 A sketch of the sample geometry used i n  the c a l c u l a t i d n s  i s  shown L 



The sample% loca ted  between the  two planes 2-0 ,and Z d  (see 
. . 

Fig. 2.1). A l a r g e  e x t e r n a l  D.C. magnetic f i e l d  is appl ied  along the  X . 
axis.  and a small  amplitude microwave frequency magnetic f i e l d  i s  appl ied  

* 
along. t he  Y a x i s  a t  2-0. Under these  cond i t i ons  the  magnet izat ion w i l l  - 

L 

almost  l i e  p a r a l l e l  t o  t he  X axis. We can write M-(Ms,my,mz) s i n c e  I& 

w i l l  only d i f f e r  from Ms by terms which a r e  of sec  nd psde r  i n  ' P  . - %  

m and mZ. The f i r s t  c o n t r i b u t i o n  t o  t he  ne t  to rque  a r i s e s  from t h e  . 
Y ,, a . < 

e x t e r n a l  f i 6 l d s  and has  t he  form ' 

wheqe E = ( H ~ , ~  ,h  ) with  Ho e q ~ l  t o  - t h e  appl ied  D.C. magnetic f i e l d  ( a p a r t  
Y = . . 

from s t a t i c  demagnetizing e f f e c t s )  and h and hz a r e  small microwave 
Y 

frequency magnetic f i e l d s .  

A t  t h i s , po in t  i t  i s  app rop r i a t e  t o  make an allowance f o r  t he  
*. 

demagnetizing f i e l d  produced by thp  sample magnetization. The magnetiq 

f i e l d  wi th in  t h e  sqmple is  l e s s  than the  appl ied  D.C. f i e l q b j  a;-amount. 
' 

/ . , 

4 -  D ~ M ~ %  'Tf DxMs where Dx is t h e  f a c t o r  i n  t h e  X d i r e c t i o n .  1 7  i 

The demagnetizing f a c t o r  depends geometry. "or t he  

i n f i n i t e  s l a b  shown i n  Fig. 2.1 ~ ~ ' 0 . '  For a sample of f i n i t e  s i z e  Dx w i l l  

t a k e  on a non zero  value. The demagnetizipg f a c t o r s  a r e  independent o f  

p o s i t  i o n  wi th in  

For tuba te ly  t h e  

was qu i te .  small  

t he  'sample only f o r  e l l i p s o i d a l  shaped samples [ 131. 

demagnetizing f i e l d  f o r  the  very t h i n  samples which we used 

ind with s u f f i c i e n t  accuracy (+I %e) i t  cobld be assumed - 
t o  be 'constant over  t h e  c e n t r a l  r e g i o n ' o f  the  sample on which the  

measurements were made. Kraus and F r a i t  [14] g i v e  an  empir ica l  &pres s ion  - - 

f o r  t& demagne t i z ing - f i e ld  a t  t he  c e n t e r  of a d i s k  ( t h e  appl ied  f i e l d  Ho 
. . 

i s  i n  t he  plane of t h e  d i s k )  



2.4 I%/u . )~  ?7(%b , 

where R i s  the  t o  i t s  diameter .  

-3 
Typica l ly  f p r  our samples R=10 , 2,'K Ms=3.2 KOe and Ms/HoC.3 so t h e  ' 

demagnetizing f i e l d  w i l l  be l e s s  than 4 Oe. The n e t  e f f e c t  is  t h a t  we 
.7 

s h o d d  use the  i n t e r n a l  f i e l d  H=(Ho-4 # DxMs,h h ) r a t h e r  than  the  
Y '  z . 

I 

e x t e r n a l  f i e l d  i n    qua ti on 2.3. . 
< -  

A contq ibut ion  t o '  t h e  torque on t h e  magnet izat ion a r i s e s  from the  , 

L 

phenomenological damping term. Using the  form f o r  t h e  damping p r o p e e d  by . 
\ 

* \ ! 

Gi lbe r t  ii 1955 we have 
L 

? . 

where . G  i s  a  phenomenol&ical damping parapeter* This  t e v  in t roduces  a  
* 

V 
J 

torque propor t iona l  t o  the  r a t e  of- change of % and s o  i t  looks  l i k e  a  
s b 

viscous  damping on t h e  motion of r. We have now included a l l  of t he .  terms 
' 

which were introduced i n  t he  f i r s t  chapter :  we w i l l  now proceed t6  add\ - 
those con t r ibu t ions  t o  the  torque which had been neglected p chapter  o  

- - -  . . f o r  ' t h e  sake of ' s impl ic i ty .  ' .  

J 
I ,  . The Exchange Field - . 

li 

-- d 

The %change f i e l d  i s  a  mani fes ta t ion  of the  
6 .  

magnetizat ion t o  assurge a  p a r a l l e l  sp in  airangement. I f  we expand the 

exchange energy d e n s i t y  i n  terms of the  component-s of and t h e i r  s p a t i a l  

d e r i v a t i v e s  keeping only those terms which con t r ibu te  t o  fhe  maintenance of 

a  p a r a l l e l  sp in  arrangement and which s a t i s f y  t h e  requirements f o r  cubic  

symnetry we f i n d  that the  lowest  o r d e r  term has the form . [ t 3 f  - 



where A i s  the exchange s t i f f n e s s  parameter. For the sample magnet izat ion 
* - - - - -- - 

, - near  t he  X a x i s  'and f o r  s p a t i a l  v a r i a t i o n s  alorrg the Z aris o&y ( t h e  
f * .  

s i g n a l s  a r e  a s s h e d  t o  propagate a l o a  the Z axis a s  plane waves) we f ind  I ' 

t h a t  t o  f i r s t  o r d e r  i n  m and mz the  e n c h a q e  e n e g y  produces a  ~ e s t o r i a g  
1 Y , 

a torque on the magnet izat ion of t he  form 

.s 

If we wr i t e  the torque i n  > the  form a 1 .  e 

, --i' 
1 . .  & 

p' < . \ *  - 

- .. 
Then t o  f i r s t  o r d e r  i n  m m h and hz e have 

L 
Y' 2 '  Y 

Ani so t ropy  

\ The next  torque which m w i l l  cons ider  a r i s e s  from terms i n  the  9 
1 .  . 

energy of t he  sample magnet izat ion which depend upon t h e  d i r e c t i o n  of  t h e  

magnet izat ion d t h  r e spec t  t o  the  c rys t a l log raph ic  &is. Expandirrg the 

, energy d e n s i t y ,  and keepirrg only those  term6 which a r e  c o n s i s t e n t  with t h e  

cubic symmetry of t h e  sample w e  f ind  4 = 

where 4, , *%and M 3  a r e  t h e  d i r e c t i o n  cos ines  of t he  magnet izat ion with 
i 

r e spec t  t o  the th ree  cube edges and where K1 and K2 a r e  an iso t ropy  

cons tan ts .  For almost a l l  of t h e  experimental measu ements t h e  appl ied 'i 
f i e l d  w a s  p a r a l l e l  t o  t he  [100] c r y s t a l  a x i s ;  under h e s e  cond i t i ons  
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I 
' 9 

which r e s u l t s  i n  a torque on the magnetization of 
* 

* 

2.12 
b 

S 
which can be wr i t t en  i n  the  form 

It should be noted t h a t  the  sample w i i l l  not be' sa tura ted  i f  t h e a t e r n a l  -- 

\ - 
B 

f i e l d  is not s t r o e  enough t o  overcome the  e f f e c t i v e  anisotropy fie1d.s. In 

Nickel a t  low temperatures K, is  l e s s  than. zero a d  so we must apply a 

a A 

f i e l d  l a r g e r  than ( H a n (  t o  s a t u r a t e  the magnetization and cause i t  t o  l i e  

a losg  the [ loo]  d i rec t ion .  A s  our theory i s  only va l id  f o r  sa tura ted '  

samples, the minimum f i e l d  required to  s a t u r a t e  the  sample ( H - ( ~ K ~ / M ~ ~ )  . 
w i l l  be &own on all of the  ca lcula ted  curves. - - 

Magnetostriction 

, The l a s t  torque which we s h a l l  c o n s i d c ~  i s  a r e s u l t  of the  I 

magnetoe1,astic c o u p l i ~ g  between the  l a t t i c e  and the  magnetization. For a 

Cubic c r y s t a l  tz"pptal e l a s t i c  and, magnetoelastic energy d e n s i t y  has the  

form '[13] 



' 5  " . , 
* 

-,, 
. 

, and B1 and BE a r e  t h e  magnetos t r ic t ive  coupling cons t an t s  between the  . 

s t r a i n s  and the  d i r e c t i o n  cos ines  of the  magnetization. Again we w i l l  
m . 

. cons ider  the  ea se  f o r  which. t h i '  a p p l i e d  D.G. f i e l d  is a l a  t h e  [100]- 
'. P 

axis .  By d i f f e r e r i t i a t i n g  t energy with r e spec t  t o  t he  d i r e c t i o n  cos ines  f 
of t h e  magnet izat ion-we can d4t l rmine  t h e  .torques a c t f q  on the -, 

' 7 
< 

magnetization. To f i r s t - , o r d e r  i n  ol and f we have a torque on the 

magnet izat ion of T m G  = [ ~ , % C ~ , - B P ~ X ~ )  Which, reduces t o  

, , 
- .  

Since  we w i l l  only be considering plane waves propagating i n  t he  Z 8 

d i r e c t i o n .  (This  r e s u l t  9 s  independent of t h e  , d i r e c t i o n  of propagation i f  

t he  Z =is  ' H e s  i n  t h e  (100) plane.) It should be noted t h a t  i f  t he  

sample 'is mechanically s t r a ined  t h e r e  all be a d d i t i o n a l  terms i n  equat ionJ  ' 

2.17. For example J.R. Macdonald [15] 'has shown t h a t  i f  t h e r e  i s  a 

uniform tens ion  T i n  th& (001) plane of t he  sample a s  a  r e s y l t  of 

d i f f e r e n t i a l  thermal con t r ac t ion  between the  sample and the  diaphragm on . , 

which i t  was mounted then  Equation 2.17 w i l l  become -- - 

where 4 



? 

These. tensio; r e l a t ed  e f f e c t s  can e a s i l q p r o d u c e  s h i f i s  of' 100 Oe i n  the  
.I , 

resonant f i e l d s .  > 

\ 

Thi-s completes the  list of to3ques act ing on tkie magnetization. The 

equation of  motion f o r  the magnet<zation can be wr i t t en  a s  

where 

- I f 

- - - - -- - - 

9 
- 

D 

Before ,we can solve f o r  the.  t ransmit ted and ref lec ted  microwave s igna l s  we 

. s t i l l  need the equation of motion f o r  the  l a t t i c e .  The forces, a c t i r g  otr 
t P 

the  l a t t i c e  can be determined by d i f f e r e n t i a t i q  the  energy d e n s i t y  w i t h  

respect  t o  thef is t ra ins ,  For the  geometry which w e  have been c o n s i d e r i q  

only g shear wave propagatiqg i n  the  Z d i r e c t i o n  with the  displacemeht 

p a r a l l e l  t o  the X a x i s  i s  excited.  I f  JJ~-  include a- dampi*term-for t h e  -- - . 

l a t t i c e  motion proport ional  to  the  v e l o c i t y  of the  l a t t i c e ,  t h e  

magnetization is p a r a l l e l  t o  the  [ loo]  . d i r e c t i o n  and the  d i r e c t i o n  of 

propagation is  a lo lg  [lo01 o r  [110] F J ~  .have 
I 

-m &t' 
A s  all of t h e '  time dependent q 'uanti t ies  vary a s  C we f ind t h a t  t o  

f i r s t  order  i n  the  s m a l l  q u a n t i t i e s  m m ,h aid  hz Equation 2.20 becomes 
Y z Y 



!Fhese two equations a r e  the l inea r i zed  e q u a t t o n s o f  m u c t w f t r r  t h r  s a & l e -  - ---- 
magnetization. I 

In order t o  proceed f u r t h e r  VE must now combine the  equations of 
& 

motion f o r  the l a t t i c e  and sample magnetization with Maxwell's M equatio s. 9 
\ 

In CGS u n i t s  ~ ~ 1 1 ' s  equations have the form 

I 

We w i l l  asspne t h a t  we have an i so t rop ic  d$e lee t r i e  constant  C and a - - 0.. 

s c a l a r  l o c a l  conductivi ty ie. J r a . With these assumptions Maxwell's 

-UZ t i w t  
equations f o r  plane waves propagatillg l i k e  C , become 

from which E 4, .$z4=Hz+4 V, MZ and = s: 

In a metal such a s  Nickel the conduction current  i s  much l a r g e r  than the 

displacement cu r ren t  and so Equation 2.33 reduces t o  . ., 

- - 

where $*1(~36Wr*,) is  the c l a s s i c a l  skin depth. We a r e  now i n  a pos i t ion  

to  e l iminate  the f i e l d s  h and hZ from Equations 2.22 and 2.23. .After 
- 

Y 
having done t h a t  a f ind 



By combining these  two equat ions  with t h e  equat ion  of motion f o r  the 

l a t t i c e  (2.21) we o b t a i n  the  d i s p e r s i o n  r e l a t i o n  

a. 
y i e l d s '  4 e igenvalues f o r  2. One corresponds t o  

ul t r a s o n i c  wave and the remaining th ree  a r e  coupled electromagnet ic  and 

s p i n  waves. 

i We now have the s o l u t i o n  f o r  s i g n a l  propagation wi th in  the  sample. 

The amplitudes o f  t he  8 waves w i t M K t h e  sample a n d  tlie ampli tudes of t he  

t ransmit ted and r e f l ec t ed  waves must be determined by matchillg boundary 

condi t ions  a t  t he  f r o n t  and r e a r  sur faces .  As t h e r e  a r e  10 wave 
-- . 

amplitudes t o  be determined we need 5 boundary cond i t i ons  on each sur face .  

Two boundary c o d  i t i o n s  a t  each su r f ace  a r i s e  s t r a igh t fo rward ly  from the 

condi t ions  t h a t  the  t a q e n t i a l  components of e and h must be continuous 
X Y 

a c r o s s  each sur face .  s 

It should be noted t h a t  our  experiments were c a r r i e d  out i n  tuned 

microwave c a v i t i e s  and so the  r a t i o  af ex t o  h a t  t he  su r f ace  of t h e  - 
Y 

sample w i l l  be d i f f e r e n t  from the  f r e e  space value of Zo=ex/ h '1. 
Y 

Although the  t ransmi t ted  s i g n a l  amplitude i s  s t r o r g l y  dependent on t h e  

impedance Z the  c a l c d a t e d  l ineshape  i s  almost independent of t h e  impedance 



[16].  By mounting the  sampSe between two tuned ca%vltl;es t e ; t r c h ~ i - t m  

c a y i t y  q u a l i t y  f a c t o r  of Q) the  observed s i g n a l  amplit$e i s  increased by a  - 
f a c t o r  of apprmimate ly  Q over t he  amplitude which would be observed i f  t h e  

. sample was simply placed a c r o s s  the waveguide. 

The t o t a l  f o r c e  ac t ing  on t h e  l a t t i c e  a t  the  su r f ace  y i e l d s  a t h i r d  

p a i r  of boundary cond i t i ons ,  one a t  each sur face .  I f  t he  su r f ace  i s  f r e e  

of any s u r f a c e  mass ( i e .  a  t h i c k  a i d e  lAyer) t he  a c o u s t i c  boundary 

cond i t i ons  a r e  
, 

The remaining two boundary condi t ions  a r e  a  r e s u l t  'of summing the  

su r f ace  torques ac t ing  on the  magnet izat ion,  these  boundary condi t ions  were 
- / 

f i r s t  descr ibed by Rado and Weertman i n  1959 [ 1 7 ] .  The p a r t i c u l a r  boundary 

cond i t i ons  which we have used a r e  

These equat ions  correspond t o  a  f r e e  o r  unpinned sur face '  magnetization. ' We 

now have a l l  of the  boundary condi t ions  which a r e  required t o  so lve  the  
e 

problem and the t ransmi t ted  and r e f l e c t e d  amplitudes can be ca l cu la t ed  i n  a  

r e l a t i v e l y  s t ra ight forward  manner by means of a  d i g i t a l  computer. 

Demonstration Curves 

\ 

Thi s  s e c t i o n  con ta ins  a  s e r i e s  of curves which i l l u s p a t e  t he  

dependence of the  t ransmi t ted  s i g n a l  amplitude on the  input  parameters used 

in the  ca l cu la t ion .  The t ransmi t ted  s igna l  amplitude i s  defined t o  be the  

r a t i o  of the t ransmi t ted  t o  i nc iden t  microwave magnetic f i e l d s .  



Fig. 2.2 shows t h e  t ransmi t ted  amplitude a s  a  func t ion  of  t he  applied 

f i e l d  f o r  va r ious  va lues  o f - t h e  sample thickness .  A l l  of t h e  o t h e r  v 
parameters have been sgt equal  t o  t he  published va lues  f o r  bu lk  n icke  a t  t 
300 K. The FMAR t ransmiss ion  peak i s  loca ted  a t  appruximatly 1.7 KOe. 

The small peak a t  5.5 KOe i s  t h e  u l t r a s o n i c  s i g n a l  which i s  centered a t  

FMR. The r i s e  i n  t he  t ransmi t ted  amplitude a t  h igher  f i e l d s  i s  a r e s u l t  

of the decrease  i n  the permeabi l i ty  y i t h  increas ing  f i e l d  ( i n  t he  l i m i t  of 

very  l a r g e  f i e l d s  & =1 see  equat ion  1.6). 

Fig. 2.3 shows t h e  t ransmi t ted  amplitude a s  a  func t ion .o f  sample % 

th ickness  f o r  var ious  va lues  of t h e  u l t r a s o n i c  decay t ime ( t au ) .  A 1 1  of 

t h e  o t h e r  parameters ve  been s e t  equal  t o  the  published v+lues f o r  bulk C 
n icke l  a t  300 K. The appl ied f i e l d  i s  f ixed a t  t h e  peak of t h e  FMR 

t ransmission (5.49 KOe). The peak i n  the  t ransmi t ted  amplitude a t  a  

th ickness  of 2 . 3 2 ~  is  a r e s u l t  of acous t i c  standing waves i n  the sample. 

It should be noted t h a t  a  change i n  the value of c44 o r  the  d e n s i t y  

(changes i n  the speed of sound) w i l l  cause a  s h i f t  i n  t he  p o s i t i o n  of t h i s  

peak. I-- 

Fig. 2.4 slows the  t ransmi t ted  amplitude a s  a  func t ion  o f  appl ied 

f i e l d  f o r  var ious  va lues  of t he  magnetic damping parameter ( g i l b e r t ) .  Al l  
. d 

of the o t h e r  parameters have been s e t  equal  t o  the  puqlished va lues  f o r  
9 .  

bulk n i cke l  a-300 K. Note t h a t  t he  FMR t ransmiss ion  s i g n a l  dec reases  

r ap id ly  with increas ing  magnetic dampi-. The t ransmi t ted  s i g n a l  amplitude 

2 a t  FMR i s  approximately propor t iona l  t o  1/G . 
Fig. 2.5 shows t h e  - t ransmit ted amplitudb a s ' a  func t ion  of  appl ied  

f i e l d  f o r  var ious  va lues  of t h e  magnetoelast ic  coupliqg parameter (B2). 

A l l  of the o t h e r  parameters have been s e t  equal t o  the published va lues  

f o r  bulk n icke l  a t  300 K. The maximum F'MR s i g n a l  amplitude i s  

apprax imately propor t iona l  t o  t he  square of t he  magnetoelast ic  c o u p l i m  . 



parameter  ( t h e  coupling e n t e r s  once a t  each su r f ace ) .  

@Fig. 2.6 shows the  t ransmi t ted  amplitude s a  f u n c t i o n  of app l i ed  
- t 

f i e l d  f o r  var ious  va lues  of  sample r e e i v i t y .  A l l  o f  t h e  o t h e r  -parameters  
= il 

have been set equal  t o  the  published va lues  f o r  bulk nick61 a f '  300 K. 
16 

* ,  

Fig. 2.7 shows the  t ransmi t ted  amplitude as a func t ion  of app l i ed  

f i e l d  f o r  var ious  va lues  of the  magnetocrystal ine an i so t ropy  (K1). A l l  of  

t h e  o t h e r  parameters  have been s e t  equal  t o  the  published va lues  ' f o r  bulk 

n i cke l '  a t  300 K. A1 change i n  t b e  an i so t ropy  cons tan t  simply s h i f t s  t he  

whole curve r i g i d l y  t o  h igher  o r  lower f i e l d s .  

Fig. 2.8 shows the  >qansmittea amplitude a s  a  func t ion  of  appl ied  

f i e l d  f o r  va r ious  va lues  of t he  sample' magnet izat ion (satmag). A l l  of t h e  

o t h e r  parameters have been set equa l  t o  t h e  published .va lues  f o r  bulk 

n i c k e l  a t  300 K. Neglecting s h i f t s  due t o  damping,exchange and an i so t ropy  

u 
t h e  FMAR peak i s  loca t ed  a t  a  f i e l d  H-=T q*Ms and FMR occurs  a t  a  

f i e l d  such t h a t  ( B H ) ' ~ =  a/v . - 
Fig. 2.9 shows the  t r ansmi t t ed  amplitude a s  a  func t ion  of  appl ied  

' f i e l d  f o r  var ious  va lues  of t h e  exchange c o n s t a n t ,  d. A l l  of  the  o t h e r  

parameters  have been set equal  t o  t h e  publ i she  ues  f o r  bulk n i cke l  a t  

300 K, 

Fig. 2210 shows the r e a l  and imaginary p a r t s  of t he  phonon wavevector 

as a - f u n c t i o n  of appl ied  f i e l d .  The phonon l i f e t i m e  ( t a u )  i s  long enough 

s o  t h a t  e s s e n t i a l l y  a l l  of t h e  u l t r a s o n i c  abso rp t ion  is  a  r e s u l t  o f  

2 magnetoe las t ic  coupling. The peak i n  absorp t ion  occurs  a t  a  f i e l d  2AK /Ms 

below FMR where k* i s  the  phonon wavevector. The s epa ra t i on  between t h e  

peak i n  u l t r a s o n i c  abso rp t ion  and FMR i s  a  r e s u l t  of spinwave d i s p e r s i o n  

[12,181, The e f f e c t  of  drangfng t h e  s epa ra t i on  between FMR and the  maximum 

i n  u l t r a s o n i c  abso rp t ion  can be seen  i n  -Fig.  2.9 where t h e  exchange . , 

cons tan t  A (spinwave d i s p e r s i o n )  has  been var ied.  
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Ho I N  KOe 

f o r  va r ious  va lues  of t he  t h i c k n e s s  d .  The a p p l i e d '  f requency was 

23.943 GHz t h e  o t h e r  parameters  used i n  the  c a l c u l a t i o n  were taken from the  

published va lues  f o r  n i c k e l  a t  300 K. They were -7.822 KOe, 
> 

8 4qMs-6.143 KOe,  G-2.45 x 10 Hz, R-7.529 x 10 ohm-an , 
A-1.0 x loe6 e g s / c m ,  2K1/Ms-240 Oe,  B2-1.07 x lo8 ergr/cm3, 

12 3 density-8.906 g/an3 , taua.66 x lo-' sec, and C44=1.234 x 10 ergslcm . 
L 



AMP.L I T U D  E 

1 
Fig. - 2.3 Calculated t ransmiss ion  amplitude a t  5.49 KOe'as a func t ion  o f  

. . 

sample th i ckness  f o r ' v a r i o u s  va lues  o f  t h e  u l t r a s o n i c  decay t ime tau.' The 

appl ied  frequency was 23.943 C;Hz t h e  o t h e r  parameters w e d  i n ,  the  

c a l c u l a t i o n  were taken from the  published va lues  f o r  n i c k e l  a t  300 K. 

They were u)/Y -7.822 KOe, 4TfM -6.143 KOe, G-2.45 x lo8  Hz, 
8- 

R-7.529 x 10 -6 o h - a n ,  A-1.0 x 1 0  e g s l c m ,  ~ K , / M ~ - - ? ~ O  Oe, 

3 3 B2=1.07 x lo8 ergs/cm , density-8.906 g l c m  , and Cg4=1 .234 x lo1* ergslcm 3 . 



TRANSMITTED 

AMPLITUDE 

Fig. 2.4 Calculated t ransmiss ion  amplitude as a func t ion  of  app l i ed  f i e l d  - 
P. 

f o r  v a r i o u s  v e e s  of t he  magnetic dampiqg parameter G. The app l i ed  

frequency was 43.943 'GEr , t h e  sample th ickness  was 6-2.5 x 10-~cm and the 

o t h e r  p a r a m e t e r $ & d  i n  the  c a l c u l a t i o n  were taken from the  publ ished 

v a l u e s  f o r  n i cke l  3 K. They w e r e U 4  -7.822 KO#, D-2.5 x cm, 

4WMs-6.143 KOe. R-7.529 x 10 -6 ohp-cn, A-1.0 x lo4 e r g s l c s ,  

12 3 taua.66 x lo-' s e e ,  and C44-l .234 x 10 , e g s l c n  . 
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TRANSMITTED 

AMPLITUDE 
P 

Fig. 2.5 Calculated transmission amplitude a s  a function of applied f i e l d  - 
3 - , 5 

f&r varioiis va lues  of the magnetoelast ic  coupling parameter B2. The applied 
t. 

-4 frequency was 23.943 a=,+ t6 sample thickness w a s  6-2.5 x 10 an and the  

o the r  parameters used i n  the* c a l c u l a t i o n  were taken from the published 

va lues  f o r  n ickel  a t  300 K. They were a/% -7.822 KOe, D-2.5 x &,, 
8 4WM -6.143 KOe, G-2.45 'x 10 Hz, R-7.529 x 10 

8 
-6 oh-cm, 

3 A-1.0 x e r g s l m ,  2K1/Ms-240 OF, densi tp8 .906 glcm , 
<, I+ 3 

tau-. 66 x aec ,  and Cq4-1.234 x 10'' e r g s / o  . 



TRANSMITTED 

AMPLITUDE 

Fig. 2.6 Calculated transmission amplitude as a function o f  applied f i e l d  - 
f o r  various values o f  the sample r e s i s t i v i t y  R, The applied frequency was 

23.943 GHz, the sa&le thickness was d-2.5 x 1 0 - ~ c n  and the other 

parameters used i n  the ca lcu la t ion  were taken from the pub&Jshed values  foy 
1 

nickel  a t  300 K. They were U / l  -7.822 K O e ,  D-2.5 x cm, 

8 4WM -6.143 KOe, 6-2-45 x 10 Hz, A-1.0 x lod a g s l a n ,  2K1/\-240 Oe, 
8 - 

3 B2=1.07 x lo8 egs/en3, density-8.906 g / c .  , rau=.66 x sec, and 

3 
C i 4  -1.234 x 1012 ergslcm . 
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H ' I N  KOe 
0 .  

Fig. 2.7 Calculated t ransmiss ion  axiplitude a s  a func t fon  of  app l i ed  f i e l d  
t 

f o r  v a r i o u s  va lues  of  the  a n i s o t r o p y ' f i e l d  Han=2Kl/Ms. The appl ied  

f requency  was 23.943 GHz, t h e  sample th ickness  was dL2.5 x 10-~cm and the  

o t h e r  parameters  used i n  t h e  c a l c u l a t i o n  s e r e  taken from the  publ ished 

v a l u e s  f o r ' n i c k e l  a t  300 K. They were -7.822 KO=, D-2.5 n low4 an, 
8 4 q  M -6.143 KOe, G-2.45 x 10 Hz, R-7.529 x 19 -6 ohm-cm, 

8 
8 3 A-1.0 x e r g s / o ,  B2-1.07 x 10 ergslc13,  densiey.8.906 g/cm , 

3 
taum.66 x lo-' t e c ,  a d  C44-1 -234 x 1012 ergs/- . 



Fig. 2 . 8  Calculated - 

5 

* 

amplitude 

Ho I N  KOe - 

a function of  

- 

10 

applied f i e l d  

d for  various values of the sample magnetization. The applied frequency was 

23.943 GHz, the sample thickness was d-2.5 x and the ocher 

parameters used i n  the c a l c u l a t i o n ' w x e  taken from the published values for '  

nickel a t  300 K. They wet. afl =7.822 Roe, D-2.5 x 10" cn, 

8 -6 - G-2.45 x 10 Hz, 8-7.529 x 1 0  -6 o h - a ,  A.1.0 x I 0  e r g s l o ,  

oi t a u ,  IO-' s e c ,  and C44=1 2 3 4  x 1012 ergs lc .  3 . 
, 

*. 
2 8 



Fig . - 2.9 Calculated t r w i s s i o n  amp$itude a s  a  function of applied f i e l d  

f o r  var ious  va lues  of  the  exchaqge s t i f f n e s s  parameter A. The applied 

frequency was 23.943 GElr, t he  sample thickness was d-2.5 x 10-~cm and the  

o the r  parameters used i n  the  c a l c u l a t i o n  -re taken from the published 

values f o r  n ickel  a t  300 K. They w e r e b J / l  -7.822 KOe,  D=2.5 x to, 

8 4 R H  6 . 1 4 3  KOe,  6-2.45 x 10 Hz, R-7.52 9 x 1 0  -6 ohm-an, 2 ~ ~ / ~ ~ - 2 4 0  O e ,  
8 C ' 

B2-1.07 x lo8 exgs/cm3, density-8.906 &/m3) tau=.66 x lo-' 8ee, & 

3 
C44=1. 234 x 1012' erg s/cm . - 



> 
B 

I 

ACOUSTIC 

WAVEVEC%3R 

IN a - I  406000 

Fig. 2.10 The r e a l  and imaginary p a r t s  of  t he  phonon wavevector a s  a - 
func t ion  of t h e  app l i ed  f i e l d .  The appl ied frequency was 23.943 GHz, t h e  

sample th i ckness  was d-2.5 x a d  the  o t h e r  parameters  used i n  t h e  
/ 

c a l c u l a t i o n  were taken  from t he  published va lues  f o r  n i c k e l  a t  300 K. . 

They were w/l( -7.822 KOe,  D-2.5 x an ,  4 T q 6 . 1 4 3  KOe, 

6-2-45 x l o 8  Hz, R-7.529 x 10 oh-=, A=l.O x lod e r g l a ,  - 

8 3 2K1/4-240 O e ,  B2-1.07 x 10 egs/cm3, density-& 906 g / a n  , 
- - 

-6 3 t a w 1  x 10 s e c ,  and C44-1 .234 x 1012 ezgslcm . 



Sample Prepara t ion  

I n  order  t o  c a r r y  out low temperature tr 'ansmission measurements i t  i s  

necessary  t o  have t h i n  (2-3-1 s i n g l e  c r y s t a l  samples which a r e  uniform 

i n  th ickness  over  an a rea  appraximately 4 mm i n  diameter .  , A number of 

a t t empt s  were made t o  produce such samples by spark  cu t t i ng  s l a b s  . 5  mm 

t h i i k  from bulk s i n g l e  c r y s t a l s  and then  mechanically pol ishing and f i n a l l y  - . 

e l ec t ropo l i sh ing  them down t o  the  d e s i r e d  thickness .  Unfortunately t h e  

r e s u l t i n g  c r y s t a l s  tended t o  be t h i c k e r  i n  the  c e n t e r  then  a t  t he  edges 

and were covered wi th  a  s l i g h t  r i p p l e  ( S . 2 y a m p l i t u d e )  on both f aces  as 

a r e s u l t  of t he  e l ec t ropo l i sh ing .  Since c r y s t a l s  prepared i n  t h i s  way were 

not  s u f f i c i e n t l y  uniform i n  th ickness  f o r  our purposes we turned t o  

c r y s t a l s  which were grown e p i t a x i a l l p  by e l ec t rodepos i t i on .  These c r y s t a l s  

were grown on a  s i n g l e  c r y s t a l  copper d i s k  .5 mm t h i c k  and 2 cm * .  
diameter  using a  technique s i m i l a r  t o  t h a t  descr ibed by Wright [ l l ] .  The 

copper s u b s t r a t e s  were spark  cut  from- a  s i n g l e  c r y s t a l  boule obtained from 

Mate r i a l s  Research Corp. The r e s u l t i n g  d i s k s  had the  [I101 a x i s  normal t o  

t h e i r  face. One of t h e  f a c e s  w a s  prepared ' for  e l ec t rodepos i t i on  by 

mechanically po l i sh ing ,  by proceeding from 400 g r i t  s i l i c o n  carb ide  paper 

t o  1- diamond g r i t  embedded i n  a  paper lap .  Although the  r e s u l t i n g  

s u r f a c e  was mir ror - l ike ,  the  mechanical po l i sh ing  l eaves  a  t h i n  l a y e r  of 

h ighly  deformed copper on t h e  surface; This, l a y e r  was removed by 

e l ec t ropo l i sh ing  the  copper i n  a  36% by volume H3P04 [19] s o l u t i o n  a t  a  

2 
cu r ren t  d e n s i t y  of .4 amp per  cm . During the  pol ishing the  su r f ace  of t he  



c r y s t a l  w a s  c o ~ t i n u o u s l y  rubbed with a  c o t t o n  swab t o  prevent  bubbf is  from 

adhering. It  was founl  t h a t  t h i s  s o l u t i o n  tended t o  produce a  s l i g h t l y  

r i pp led - su r f ace  i f  i t  was allowed t o  p o l i s h  f o r  a  long t i m e .  I n  o rde r  t o  

minimize t h i s  e f f e c t  the e l ec t ropo l i sh ing  should no t  be continued f o r  more 

than one minute. The s u b s t r a t e  was removed from t h e  pol i sh ing  s o l u t i o n  

without disconnect ing the c u r r e n t ,  and was then thoroughly r in sed  i n  

d i s t i l l e d  water while  making s u r e  t h a t  the  su r f ace  always remained wet. A s  

the c r y s t a l  growth was n o t  c a r r i e d  out i n  an i n e r t  atmosphere t h e  time 
/ 

spent  i n  t r ans fe r ing  the pol ished copper d i s c  from the  pol i sh ing  s o l u t i o n  

t o  the  p l a t ing  c e l l  should be kept  t o  a  minimum (< 15 sec. ). However, 

e' 
even during t h i s  s h o r t  period an ca ide  ' l a y e r  w i l l  l i k e l y  have formed on . 

the copper subs t r a t e .  Such an oxide l a y e r  could prevent  e p i t a x i a l  growth. 
, < 

Fortunately a  t h i n  catide l a y e r  may be removed dur ing  t h e  i n i t i a l  s t a g e s  of * 
depos i t i on  by t h e  r e a c t i o n  [20] 

The c l ean  copper s u b s t r a t e  was placed i n  a  p l a t ing  c e l l  conta in ing  a  coba l t  

su lpha te  s o l u t i o n  a t  18C which cons is ted  of 300 g / l  Cd04.7H20, 6  g f l  H3W4 

and 3  g / l  NaCl which had been ad jus ted  t o  a  ph of 2.3 by t h e  a d d i t i o n  of 

H2SQ4 [21].  This  s o l u t i o n  had been f i l t e r e d  and boi led  i n  a vacuum t o  

remove any d isso lved  g a s s e s  before  being placed i n  t h e  c e l l ,  (An a s p i r a t o r  

was used t o  c r e a t e  t h e  vacuum.) The s u b s t r a t e  was then  p l a t ed  f o r  60 

Z 
seconds a t -  a  cu r r en t  d e n s i t y  of 12 ma/cm . This  produced a  sh iny  l a y e r  of 

'< 

face  centered cirtlalt apprmimate ly  . l p u t h i c k .  

Upon removal from the  c o b a l t  s o l u t i o n  t h e  c r y s t a l  was r in sed  i n  

d i s t i l l e d  water  and placed i n  a  second p l a t ing  c e l l  which contained a  

n i cke l  su lpha te  s o l u t i o n  cons i s t i ng  of .43 m / l  NiSO4.6H20 and .4 m / l  E3B04 .. 
. which had been ad jus ted  t o  a  ph of 3.7 by the  a d d i t i o n  of H2S04 and which 

-. 



was heated t o  a  temperature of 27 C [22 ] .  This  s o l u t i o n  had a l s o  been 

f i l t e r e d  and boiled i n  vacuum before  being placed i n  the  p l a t ing  c e l l .  

2 
The c r y s t a l  was deposi ted a t  a  c u r r e n t  d e n s i t y  of 2 0  ma/cm , a p l a t ing  

time of 9 minutes y ie lded  X 2 . 3 ~ o f  n icke l .  Occasional a g i t a t i o n  dur ing  

p l a t ing  was requi red  t o  prevent t h e  formation of p i t s  due t o  bubbles on 

the  surface.  L 

The p l a t ing  . c e l l  cons is ted  of a  r ec t angu la r  p l e x i g l a s  box 10 cm long 

by 5 cm wide by 7 cm deep which was divided i n  the  middle by a  s i n t e r e d  

g l a s s  f i l t e r .  The copper s u b s t r a t e  was placed a t  one end and 

made of the metal t o  be p la ted  was a t  t he  other;  The s i n t e r e d  g l a s s  

f i l t e r  was necessary  t o  prevent p a r t i c l e s  which were etched f r e e  from the  

anode from reaching the cathode -and d i s rup t ing  t h e  c r y s t a l  growth [ 2 3 ] .  

k 1 
There were two reason f o r  applying a  t h i n  c o b a l t  ' layer  t o  fhe copper 

s u b s t r a t e .  The f i r s t  was t h a t  f a c e  centered c o b a l t  has  a  l a t t i c e  cons tan t  .. -_ 
between t h a t  of copper and n i c k e l ,  t h i s  should he lp  t o  reduce the amount 

of s t r a i n  i n  t he  n i cke l  c r y s t a l .  . 
Tabler 1  - L .  l -- 

L a t t i c e  cons tan t  (20 C) [ 241 Rat io  t o  n i c k e l  

Secondly i t  was hoped t h a t  t he  

copper s u b s t r a t e  by d i s so lv ing  

obtained i n  t h i s  way contained 

f o r  t ransmiss ion  measurements. 

ni,ckel f o i l s  could be removed from the 

the coba l t  l a y e r  (111 .  Unfortunately f o i l s  

numerous holes  and hence were not s u i t a b l e  

It should be. noted t h a t  we have a l s o  grown 
I 

n i c k e l  d i r e c t l y  on copper but  we have not  ye t  been a b l e  t o  determine which 



method resdts  i n  b e t t e r  c r y s t a l s .  

A s  was mentioned e a r l i e r ,  the  n i cke l  c r y s t a l  could no t  be removed by 

d i s so lv ing  the  c o b a l t  l a y e r  s o  t h e  copper s u b s t r a t e  and t h e  t h i n  c o b a l t  

l a y e r  were reaoved from t h e  n i cke l  c r y s t a l .  This  was done by 
B 

e l ec t ropo l i sh ing  away thg bulk of t he  copper. --Buring t h i s  p rocess  the  

n i cke l  was pro tec ted  by a  l a y e r  of beeswax. The remainder of  t he  copper *. 
s i b s t r a t e  and the c o b a l t  f i l m  were d i sso lved  away by means of  a chromic 

\ 

ac id  s o l u t i o n  r o n s i s t i n g  of 500 g / l  C r O j  and 50 g / l  H2S04 l.251, This  

s o l u t i o n  seems t o  have no e f f e c t  on t he  n i cke l  c r y s t a l .  S p c i m e n s  4  mm on 

a s i d e  were c u t  from the  r e s u l t i n g  n i c k e l  s i n g l e  c r y s t a l  f o i l  and were Ir? 
annealed i n  vacuum a t  1000 C f o r  6 hours6 A f t e r  which they were ready t o  

be mounted . 

Microwave Sys tem 

A l l  of the microwave measurements were c a r r i e d  out  u s i k  a  24 GHz 

h o m o d y n e b s t e k  which has prev ious ly  been descr ibed  i n  d e t a i l  [ 16 1. This 

-1 7 
system has  a  s e n s i t i v i t y  of a p p r w i m a t e l y  10 wa t t s  i n  a 1 Hz badwid th .  

I n  order  t o  mount t he  specimen i t  was soldered using pure indium over  a  
-. 

1.8 mm diameter  o r t f i c e  i n  a  .I5 nrm t h i c k  beryl l ium copper diaphragm. 

This  diaphragm was then mounted t o  form a  common wa l l  between tuned 

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  i Spurious.  leakage between t h e  c a v i t i e s  
I, 

was prevented by means of a  gaske t  formed from .4 mm d iame te r  indium wire. 

The c a v i t i e s  were mounted i p  an. e lectromagnet  i n  such a  way t h a t  t h e  
# 

appl ied  f i e l d  could be rota'ted i n  t h e  plane of t h e  sample. A s  most of  the 

m e a s u r e d n t s  were to be made below room temperature a double  wal l  l i q u i d  

n i t r e n  shielded dewar was placed around the  cav i t i e s :   he c a v i t i e s  were 
C 

cooled .by blowing cold n i t rogen  g a s  over them. The. temperature  was 



regula ted  by means o f  a  small  h e a t e r  s t rapped t o  t h e  lower cavity." Liquid 

helium was used t o  reach temperatures  below 77K. 

A l t h o q h  t h e  c r y s t a l  had been o r i en t ed  by Geans of a  Laue x-ray 

photograph i t  was s t i l l  necessary  t o  determine the  exac t  o r i e n t a t i o n  of t he  

c r y s t a l  axis r e l a t i v e  t o  t he  appl ied  'magnetic f i e l d .  The o r i e n t a t i o n  of 

the  c r f s t a l  could e a s i l y  be determined by measuring t h e  p o s i t i o n  of  FMR a s  

a  func t ion  of  t h  ang le  a f t e r  t h e  sample had been cooled s o  a s  t o  
f 

i nc rease  the' va lue  of t hq  magnetocrys ta l l ine  an iso t ropy .  A maximum i n  t h e  

'% value  of the' appl ied  f i e l d  a t  which FMR occurs  i n  Nickel i s  observed when 

the  appl ied . f i e l d  i s  p a r a l l e l  t o  t he  [ l oo ]  ax i s .  'using. t h i s  method i t  was 

- - poss ib l e  t o  a l i g n  t h e  magnet t o  k f t h i n  2Oof t h e  [ l oo ]  a x i s  by cooling the  

c r y s t a l  t o  150 K ( t h e  [110] a x i s  was normal t o  t he  plane of  t he  sample). 
1 

Before present ing t h e  r e s u l t s  of  t he  microwave t ransmiss ion  - 
measurements I would l i k e  t o  o u t l i n e  t h e  procedure used t o  o b t a i n  a  

complete s e t  of t ransmiss ion  measurements.- ~ i r i t  t h e  magnet was a l igned  s o  

t h a t  t he  appl ied  f i e l d  was alorlg one of t h e  c r y s t a l  axes  (u sua l ly  [ l o o ] )  

and the  k ly s t ron  frequency was locked t o  t h a t  of an e x t e r n a l  re fe rence  

cav i ty .  Once the  temperature  o f  t he  sample had reached the  des i r ed  va lue  

the t r a n s m i t t e r  and r ece ive r  were tuned t o  t h e  k l y s t r o n  frequency by means 

of quar tz  tuning rods  i n s e r t e d  i n t o  each cav i ty .  A s  t h e  samples measured 

were r e l a t i v e l y  t h i n  i t  was necessar'y t o  i n s e r t  an  a t t e n u a t o r  i n '  t he  wave 

gu ide  leading to t h e  t r a n s m i t t e r  c a v i t y  i n  o r d e r  t o  prevent  t h e  s i g n a l  from 

overloading t h e  mixer. Next t h e  microwave phase s h i f t e r  was ad jus ted  f o r  

the  f i r s t  phase and t h e  s i g n a l  amplitude was then  recorded a s  a  func t ion  

of appl ied  magnetic f i e l d .  The d a t a  was s to red  both on an analog x-y 

c h a r t  r eco rde r .  and d i g i t a l l y  using a  PDP-8 based microcomputer. A f t e r  t he  

s i g n a l  had been recorded over  t h e  des i r ed  f i e l d  reg ion  two a d d i t i o n a l  

measurements were made. F i r s t  t h e  magnet was ro t a t ed  so  t h a t  t h e  appl ied  



D.C. magnetic f i e l d  w a s  p a r a l l e l  t o  the  microwave magnetic f i e l d  and the  

D.C. f i e l d  was ad jus ted  t o  approximately 10 KOe. In  t h i s  con f igu ra t ion  the  

R.F. permeabi l i ty  i s  t q u a l  t o  u n i t y  and the amplitude of  t h e  t ransmi t ted  

s i g n a l  depends only on the  th ickness  and conduc t iv i ty  of t he  sample. 

Throllghout the r e s t  of t h i s  t h e s i s  t h i s  s i g n a l  w i l l  be r e f e r r ed  t o  a s  t he  

p a r a l l e l  p a r a l l e l  signal. A second measurement was made with the  

a t t e n u a t o r  i n  the  waveguide leading to  the  t r a n s m i t t e r  c a v i t y  c l o s q .  This  

measurement was used t o  d i g i t a l l y  s u b t r a c t  any s i g n a l  r e s u l t i n g  from 

leakage between waveguides. This  completed the  measurement of t he  f i r s t  . 

phase. The phase s h i f t e r  was then moved bfr 90. and all the  measurements 

were repeated. A s  a  f i n a l  s t e p  t h e  d a t a  was t r ans fe r r ed  from the  

microcomputer t o  an IBM 4341 where the  t o t a l  t ransmi t ted  s i g n a l  amplitude 
, 

was ca l cu la t ed  by d i g f t a l l y  combining the  s i g n a l s  corresponding t o  the  two 

phases. 



IV. EXPmIME L RESULTS e . - 
% 

The bulk of the  *perimental d a t a  i s  i n  the  form of a  s e r i e s  of 
\ 

measurements of the t ransmi t ted  amplitude a s  a  func t ion  of the  appl ied  

magnetic f i e l d .  In  o rde r  t o  e x t r a c t  information about the  p r o p e r t i e s  of N i  

from the  observed t ransmiss ion  curves the  parameters used t o  c a l c u l a t e  the 

t ransmi t ted  s igna l  were var ied  u n t i l  a  good f i t  was secured t o  the  observed 

s igna l .  Each experimental ly  observed t ransmission curve i s  presented along 

with a  t h e o r e t i c a l  f i t .  I n  o rde r  t o  make a  t h e o r e t i e d  f i t  t o  the 

observed t ransmission s i g n a l  we need t o  know both the  r e s i s t i v i t y  and 

th ickness  of the sample. The r e s i s t i v i t y  was determined by measuring the  

r e s i s t a n c e  of a  s t r i p  approximately 1 m wide and 1 cm long cu t  from a 

s e c t i o n  of the c r y s t a l  wliich was ad jacent  t o  the  specimen used f o r  . t he  

t ransmiss ion  heasurements. The r e s i s t a n c e  of ;h i s  s t r i p  was measured a t  

room temperature,  i n  l i q u i d  Nitrogen 

using a  standard 4 probe technique. 

assumed t o  be g iven  by the  sum of a  

r e s i s t a n c e  t h a t  would be observed i n  

magnitude of the req idual  r e s i s t a n c e  
, I 
\ 

values  sho,wn i n  Tablle 2. 

\ 

(77 K)  and i n  l iqu id ,  Helium(4.2 K) 

The r e s i s t a n c e  of the  sample was 

cons tan t '  r e s i d u a l  r e s i s t a n c e  and the  

a  p'ure Nickel sample [26,27,28]. The 

was i n  t h i s  way found t o  have thp 



Table 2 -- 
4 

Residual  Res i s t ance  

na 

, 2 9 5 ~ f i c m  

. m , U  h cm 

A s  can be seen  i n  Table 2 t he  va lues  of RR obtained from 

R77/R299 and R q e 2 / R Z g 9  ag ree  very  wel l .  A va lue  f o r  t h e  r e s i d u a l  

r e s i s t a n c e  of RR=.307,uA cm was used throughout t he  r e s t  o f  t h i s  work 

s i n c e  the  value f o r  the  r e s i d u a l  r e s i s t a n c e  obtained from t h e  77 K 

measurement could be s t r o n g l y  a f f ec t ed  by a smal l  change i n  t he  temperature  

of the  sample.(A .7 degree d i f f e r e n c e  i n  temperature would account f o r  t he  

observed d iscrepancy)  It appears  t h a t  a l a r g e  po r t i on  of t h e  r e s i d u a l  

r e s i s t a n c e  i s  a s soc i a t ed  with t he  anneal ing process .  We have made 

measurements of the  r e s i d u a l  r e s i s t a n c e  r a t i o  of n i c k e l  c r y s t a l s  which had 

been grown d i r e c t l y  on t h e  copper substratd: Before anneal ing these  
A 

samples had a r e s i d u a l  r e s i s t a n c e  r a t i o  of over  200 t h i s  r a t i o  dropped t o  

about 20 a f t e r  they  had been annealed. A t  t h i s  t i m e  t h e  cause of the  

increased r e s i s t a n c e  i s  n o t  known. 

Sample Thickness 

I n  order  t o  determine i t s  th i cknes s ,  t he  sample was weighed using a 
i. 

Cahn Elec t roba lance  and i t s  a r e a  was est imated by using t h e  s t a g e  on a 
? 

metalog raphic  microscope. These measurements along with a room temperature 



d e n s i t y  of 8.906 g / c m 3  [26,29] gave  an average t h i cknes s  of  2.5- . . . 
However the t h i cknes s  of  the  c r y s t a l  was found t o  i n c r e a s e  towards t h e  r i m  - 

A and so the value of 2.5/unrJ i s  l i k e l y  t o  be an  overes t imate  of t he  

t h i cknes s  a t  the c e n t r e  of t he  sampJe. For tuna te ly  one 'can q u i t e  

accu ra t e ly  determine the t h i cknes s  of t he  sample by making f i t s  t o  the  

observed t ransmiss ion  amplitude. This i s  i l l u s t r a t e d  i n  Figures  4.1-3 

where t he  t h i cknes s  used i n  t he  ca l cu l a t i on \  was var ied from 2.275 t o  

- 2 . 3 7 5 ~ .  A l l  o f  t he  o t h e r  parameters used i n  t h e  c a l c u l a t i o n  a r e  those - 

f o r  bulk blickel ' a t  t h i s  temperature '(300 OK). A s  can be seen  t h i s  i s  q u i t e  

a  s e n s i t i v e  means of  determining the  th ickness .  Another method f o r  J 
2 

I 
determining the sample t h i cknes s  i s  t o  use t h e  temperature dependence o f  

the  p a r a l l e l  par l l e l  s igna l .  The s i z e  of t h i s  s i g n a l  depends only on t h e  * <  
r e s i s t i v i t y  and th i cknes s  of t he  sample. S ince  we have a l r eady  measured 

\ 

t he  r e s i s t i v i t y  we can determine the  th ickness .  Fig. 4.4 shows the  

experimental  d a t a  along with a  f i t  obtained u s i n g ,  a  t h i cknes s  of 2 . 3 1 ~  . 
Although the  d a t a  i s  somewhat no i sy  due t o  t h e  d i f f i c u l t y  i n  determining 

the  s e n s i t i v i t y  of t h e  system a s  a func t ion  of  temperature the  r e s u l t s  a r e  

c o n s i s t e n t  with tho?e  obtained by f i t t i n g  the  f i e l d  dependence of  t he  room 

s igna l .  There i s  one l a s t  method which can be 

th ickness .  This  i s  t o  look f o r  t he  presence 

t h e  sample. F igures  4.5-7 show the  

t ransmi t ted  amplitude a t  FMR a s  a  func t ion  of sample t h i cknes s ,  the  l e v e l s  

of t he  experimental ly  observed ampli tudes a r e  a l s o  shown. From Fig. 4.5 we 

s e e  t h a t  the  room temperature  sample t h i cknes s  -must l i e  i n  the  range 2.305 

t o  2.335 .,ww and from Fig. 4.7 we s e e  t h a t  t h e  sample t h i cknes s  must l i e  

between 2.278 and 2 . 3 0 8 ~ w w d  o r  2.283 t o  2 . 3 1 3 y  a t  room t e a p e r a t u r e  

(a l lowing f o r  .005 of thermal expansion).  A room temperature 

t h i cknes s  of 2.31pmd ( 2 . 3 0 5 ~  a t  100 k) would account f o r  the  observed 

J---- 



s i g n a l  amplitudes.  A s  a  r e s u l t  of  a l l  these  measurements a  va lue  of 

2 . 3 1 0 w  was taken f o r  t h e  sample th ickness .  \ 

Now having determined both the  t h i cknes s  and the  r e s i s t i v i t y  of the  

sample we can inves t ig ' a te  t h e  temperature dependence of  t h e  magnetic 

damping and o f  the  u l t r a s o n i c  s igna l .  Figures  4.8-16 show both t h e  

experimental ly  observed s i g n a l  and a t h e o r e t i c a l  f i t  a t  each temperature.  

Only t h r e e  f r e e  parameters  were used t o  make a  f i t  t o  t he  obsenred 

s igna l s .  T k s e  were: 

1. The va lue  of  damping i n  the  region of  FMR (Gm). 

2. The va lue  of damping used elsewhere (G). 

3. The va lue  of t h e  l i f e t i m e  of t h e  phonons ( t au ) .  

A l l  o t h e r  parameters used were obtained from t h e  publ ished va lues  f o r  

Nickel ( r e s t i v i t y [ 2 6  ,Z7,28] , dens i t y  [Z6,29] , e l a s t i c  c o n s t a n t s  

[3O] ,magnetocrys ta l l ine  an i so t ropy  [31] ,  magnet izat ion 132,331 ,' 

magnetoe las t ic  coupling cons t an t  [34]) .  It was found t h a t  a  magnetic 

8 damping a t  FMR which was .7x10 hz l a r g e r  than t h e  va lues  . repor ted  by Bhagat . 

and Lubi tz  [3] gave a  good f i t  t o  t h e  observed l i newid th  a t  a l l  

temperatures.  This value  was used t h r o q h o u t  t h e  remainder of the  t h e s i s .  

I n  order  t o  s e r u r e  a  f i t  t o  t h e  d a t a  t h e  fol lowing procedure was used. 

A t  temperatures  above approximately 150 K the  experimental  and 

ca lcu la ted .  curves  were sca led  t o  have the  same amplitude a t  FMAR. The 

va lue  of G u s ~ d  was then ad jus ted  u n t i l  both curves  agreed i n  t he  

neighbourhocd of FMAR and i n  t he  f i e l d  region w e l l  above FMR ( i n  t h i s  

f i e l d  region the  s i g n a l  is  r e l a t i v e l y  i n s e n s i t i v e  t o  \ t h e  va lue  of G). 
\ 

Af te r  t h i s  had been done t h e  r e l a t i v e  s ca l i ng  of the  per imental  and 

ca l cu l a t ed  curves was f ixed  and Tau was ad jus ted  t o  march the  ampli tude of 

the  FMR phonon peak. 



For temperatures b e l ~ w  150 K the.  s igna  1 in the field r e g i o n  ahare EM( 

was n o t  l a r g e  enough to, be used a s  a re ference  t o  f i x  t he  value of G- . 
It was the re fo re  necessary t o  f i x  t he  r e l a t i v e  s i z e  of t h e  experimental and 

ca l cu la t ed  s i g n a l s  by making use of the  measured s e n s i t i v i t y  of t he  system. 

Havirrg f ixed t h e  r e l a t i v e  s c a l i r g ,  - the valu.e of G was ad jus ted  t o  g i v e  the  

c o r r e c t  amplitude a t  F'MAR. Tau was then adjusted t o  match the  amplitude 

of the  FMR phonon peak. 

The temperature dependence of t he  system s e n s i t i v i t y  was determined 

by replacing the  sample with a Be-Cu diaphragm which contained a small 

pinhole.  A s  t h e   coupling between c a v i t i e s  produced by such a pinhole 

should be temperature independent,  any changes i n  the t ransmi t ted  s i g n a l  - 
could be a t t r i b u t e d  t o  the temperature dependence of t he  system I 

a s e n s i t i v i t y .  It was found t h a t  t h e r e  was only a 10% v a r i a t i o n  i n  t he  

s e n s i t i v i t y  f o r  temperatures below 200 K. ? 
F i g .  4.17 shows the  temperature dependence of t h e  magnetic damping 

(G) measured i n  the  region of F'MAR. Also shown i s  a s o l i d  curve which 
- - 

t r ep re sen t s  the d a t a  obtained by Heinrich,  Meredith, and Cochran. 

Unfortunately i t  w a s  no t  poss ib l e  t o  extend the  present  measurements t o  

lower temperatures i n  s p i t e  of t h e  f a c t  t h a t  the c r y s t a l  used i n  t h i s  work 

was approx 112 a s  t h i c k  a s  t he  one used by Heinrich,  Meredith and Cochran. 

This was because the  F'MR t ransmiss ion  peak became so l a r g e  r e l a t i v e  t o  t he  

FMAR s i g n a l  that: i t  dominated an&oBcured the  FMAR s i g n a l  a t  temperatures 

below 100 k. A s  a consequence,/ i t  was imp0 s i b l e  t o  determine the damping 2 
parameter G which charac te f ized  the  FMAR s igna l  f o r  temperatures l e s s  than 

100 K. Fig.  4.18 shows the  temperature dependence of t he  t ransmi t ted  

amplitude a t  F'MR. The observed u l t r a s o n i c  s i g n a l  amplitude could be 
i 

accounted f o r  by using an u l t r a s o n i c  decay time ( t a u )  which had a va lue  

between . 9  nsec and 1.4 nsec a s  i s  shown i n  Fig. 4.8-4.16 There a r e  a 



number of f a c t o r s  which c o n t r i b u t e ,  t o  t h e  unce r t a in ty  i n  t a ~  EL=~ t he  

t ransmi t ted  amplitude d e p e d s  s t rong ly  on t h e  va lue  of  t h e  magnetic damping 

(appraximately l i k e  I/$) and so  a r e l a t i v e l y  small  e r r o r  i n  t h e  m g n e t i c  

damping produces a l a r g e  change i n  tau.  S ince  a c o u s t i c  i n t e r f e r e n c e  

e f f e c t s '  were presen t  i t  was necessary  t o  accu ra t e ly  know t h e  sample 

t q c k n e s s ,  d e n s i t y  and t h e  shea r  modulus i n  o r d e r  t o  de te rmine  tau.  There 

was an unce r t a in ty  of -5% i n  t h e  shea r  modulus [30] ( t h i s  i s  equ iva l en t  t o  

an unce r t a in ty  of  -25% i n  t h e  sample th ickness )  and a s  can be seen  from 
5 

F i g .  4.5-7, t h i s  can in t roduce  a cons iderab le  u n c e r t a i n t y  i n  t h e  va lue  of 

tau.  And s o  t o  within '  experimental  e r r o r  (-25X, +loo%) t h e  u l t r a s o n i c  

decay time was found to have & temperature independent va lue  of 1.2 nsec.  

\ 

\ 
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Fig. - 4.1 The transmission amplitude a s  a function o f  the applied f i e l d .  

The crosses  (+) represent experimental data and the so l id  l i n e  was 

calculated u s i q  R-7.529 &ohm-cm, F-23.943 Qlz, &/IS -7.822 K O e ,  

4WM -6.143 KOe, 2K /M -240 Oe, D - 2 . 2 7 5 ~ .  4-1 x e g s l c n ,  s .. 1 S 
3 B2-1.07 5 lo8 ergs/em3, density-8.9055 g l a  , 6-2.45 x lo8  Hz, 

C44 -1.234 x 1012, and tau-.66 r 



TRANSMITTED 

Fig. - 4.2 The transmission amplitude as a function of  the applied f i e l d .  r; , 
. . 

The crosses  (+) represent experimental data and the so l id  l i n e  was 

calculated usiq R-7.52 9 ,d ohm-cm , F-23 :943 (=Hz, m/8 -7.822 KOe , 
4- -6.143 KOe,  2K1/Ms-240 Oe, D - 2 . 3 2 5 7 ,  A-1 x lo4 e r g s / u ,  

8 
3 8 

B2 -1.07 x lo8 ergs[an3, density-8.9055 glcm , Cr2.45 x 10 Hz, 

Cq4-1. 234 x 1012, and tau-. 66 x lo-': I 
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F i g ,  4 .3 The transmission amplitude a s  a function of the applied f i e l d .  - 
The crosses  (+) represent experimental data and the so l id  l i n e  was 

calculated using R-7.52 9 pohm-cm, F-23.943 GHz, -7.822 KOe, 

-6 4 WHs-6.143 KOe,  2.K1/US--240 Oe, D - 2 . 3 7 5 7 ,  A-1 x 10 ergslcm, 
8 3' 8 B2=1.07 x 10 ergs/cm3, densi ty8.9055 g/cm , G-2,45 x 10 Hz, 

7 

Cu=l.234 x 1012, a d  mu--66 x 



LOG OF THE 
' TRANSMITTED 

AMPLITUDE 

Mg. 4.4 The log o'f t he  t w t t e d  ampli tude a s  a  func t ion  of  t empera ture  

when t h e  DC and microwave magnetic f i e l d s  a r e  appl ied  i n  t h e  same 

d i r e c t i o n .  ( I n  t h i s  o r i e n t a t i o n  t h e  t r ansmi t t ed  s i g n a l  ampli tude depends 

on ly  on t h e  t h i cknes  and r e s i t i v i t y  of  t h e  sample.) The c r o s s e s  (+) 

r e p r e s e n t  experiment-a1 d a t a  and t h e  s o l i d  l i n e s  were cal'culated using 

sample t h i cknes se s  of 2 . O p  ,2.31- and 2 . 6 p a .  
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Fig,  4.5 The t ransmi t ted  amplitude a t  FMR as a func t ion  of sample th i ckness  - 
f o r  va r ious  va lues  of tau, The dashed l i n e  shows t h e  experimentaHy 

- 

observed s i g n a l  s t r e a g t h  and the  s o l i d  f i n e s  were ca l cu la t ed  using 

R-7.529 pohrn-cm, F-23,943 GHz, -7.822 KOe,  4 T M  4 . 1 4 3  KOe, 
s 

8 3 2K1/Ms-240 O e ,  HO-5.49 KOe, A-1 x ergs/em, B2-1.07 k 10 erga/cm , 
3 8 deasit&8.9055 g/cm , G-2.45 x 10 Hz and CqA-1.234 x lo1'. 
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Fig. 4.6 The t r a n d t t e d  amplitude a t  'F'MR as a func t ion  of sample th ickness  - / 
f o r  va r ious  va lues  of tau. The dashed l i n e  shows t h e  exper imenta l ly  

observed s i g n a l  s t r e q t h  a d  the  s o l i d  l i n e s  were c a l c u l a t e  1 
Rd.302 pohm-em,  F-23.943 C;Bz, U& -7.822 KOe, 4 *Ms-6.392 KOe,  

8 3 2K /M --7700e, HO-5. 99 KOe, A-1 r ergs/cm, B2-1 -30 x 10 e rgs / cn  , 1 s 
8 d e n s i t y ~ 8 . 9 3 5  g/cm3, 6-3.15 x 10 Hz and C44-l.268 r 10'~. 
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100 K 

TAU = l . 2 x l 0 - ~  SEC 

TAU = .8x10-' SEC 

\ 

TAU = .4x10-~ SEC 

Fig. 4.7 The transmitted amplitude a t  FMR a s  a function of sample th ickness  - 
f o r  va r ious  values of tau. The dashed l i n e  shows the experimentally 

observed s igna l  s t r eng th  and the  s o l i d  l i n e s  were calculated using . 

R-1.275 / o h m - ~ ~ ~ ,  P23.943 z ,  / -7.822 KOe, 4 1 ( ~ ~ = 6 . 5 4 8  KOe, 

8 3 2 ~ ~ / M ~ - 2 0 0 0  Oe, H0=7.50 KOe, A-1 x ergs/cm, B2=1.48 x 10 ergslcm , 
3 8 density-8.962 g/cm , G-5.10 x 10 Hz and C44-1 .301 x 1012. 
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Fig. 4.8 The t ransmiss ion  ampli t+e a s  a func t ion  of  t h e  appl ied  f i e l d .  - 
The c r o s s e s  (+) r ep re sen t  experimental d a t a  and the  s o l i d  l i n e  was 

c a l c u l a t e d  u s i q  R-7.52 9 p ohm-cm , F-23.943 GEz , */a -7.82 2 KOe , 
-6 4WMB-6.143 KOe,  2Rl/Ms-240 O e ,  D-2.310 H, A-1 x 10 ergs/cm, 

8 3 12 B2-1.07 x 10 ergs/cm3, density-8.9055 g lcm , C44=1.234 x 10 , 
8 tau-.') x lo-' and G-3.0 x 10 Hz i n  t h e  f i e l d  r eg ion  from 5-6.5 KOe f o r  

8 a l l  o t h e r  f i e l d s  a magnetic dampilqg of G-2.45 x 10 Hz was used. The 

i n s e t  shows t h e  q u a l i t y  of t h e  fit I n  t h e  r eg ion  of  FMR. 
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AMPLITUDE 

Fig. 4.9 The t ransmiss ion  amplitude a s  a func t ion  of the  appl ied  f i e l d .  - 
The c r o s s e s  (+) r ep re sen t  experimental  d a t a  and t h e  s o l i d  l i n e  was 

c a l c u l a t e d  u s i q  R - 5 . 6 0 6 ~  ohm-em, I?-23.943 GHz, t3/8 -7.822 K O e ,  

4 * ~  -6.290 KO=, 2K1/3-435 O e ,  D-2.308-, A m 1  x lod ergs/crn, 
8 

3 B2=1. 21 x lo8 ergs/em3, density-8.923. glcm , Cq4-1 -247 x lo1', 

8 tau-.9 x d 0-3.0 x 10 Hz t he  f i e l d  reg ion  from 5-6.5 KOe. For - 
8 all o t h e r  f i e l d s  a magnetic damping of  G-2.45 x 10 Hz was used. The 

inse t .  shows the  q u a l i t y  of t he  fit i n  t h e  region of FMR. 



Fig. - 4.10 The transmission amplitude a s  a function of the  applied f i e ld .  

The crosses  (+) represent atperimental data and the  so l i d  l i n e  was @ 

calculated usisg +R-4.890+ ohm-cm, -23.943 GHz, W / v  -7.822 KOe, 

4 1 2 ~ ~ 1 6 . 3 5 4  Roe, 2Kl/Ms-630 Oe, D-2.307?, A-1 x lod ergs/cm, 

8 12 B2=1.26 x 10 ergs/cm3, density-8.929 g/cm3,  Cq4-1 -255 x 10 , 
- 9 8 

tau-1.1 x 10 , a# G-3.0 x 10 Hz i n  the f i e ld  region from 5-6.5 Roe. 

8 For all othe,r f i e l d s  a magnetic dampi- of G-2.45 x 10 Hz w a s  used. The 

insef shows the qua l i t y  of the  f i t  i n  the rggMa of FXR. 

/;// 
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Fig. 4.11 The transmission amplitude a s  a function of the  applied f i e l d .  - 
The c r o s s e s  (+) represent  experimental d a t a  and the  so l id  l i n e  was 

C 

ca lcu la ted  using R-4 .302y  ohm-u, F-23.943 GBz, 3/8 =7.822 KOe, '. 
-6 4WMs-6.398 KOe, 2K1/Ms-770 O e ,  D-2.30_), A-1 x 10 ergs/cm, 

3 3 12 B2-1.30 x lo8 ergs/cm , density-8.935 g / u  , C44=l.268 x 10 , 
8 tau-1.2 x lo-', and Q.15 x 10 Hz in t h e  f i e l d  region frm 5-6.5 KOe. 

8 For all o t h e r  f i e l d s  a magnetic damping of (;12.'45 x 10 Hz was used. The 

i n s e t  shows the q u a l i t y  of the  f i t  i n  the  region of.  FMR. 
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Fig. 4.12 The transmission amplitude a s  a function of t h e  applied f i e l d .  - 
The c rosses  (+) represent  experimental da ta  and the  s o l i d  l ine '  was 

calcula ted  using R-3.854,~ ohm-cm, Fb23.943 GHz, 418 -7.822 KOe, 

4 W  M -6.420 K O e ,  2K1/\-950 Oe, D - 2 . 3 0 7 7 ,  A-1 x c g a l c m ,  
s. 

8 3 3 \ 
B2=1.33 x 10 ergs/cm , density-8.939 g/cm , F44=1.273 x 1012, 

8 tau-1.0 x lo-', and G-3.2 x 10 ~lr i n  the  f i e l d  region from 5 4 . 5  K O ~ .  

8 For all other  f i e l d s  a magnetic dampiw bf 6.12.145 x 10 Hz was -used, The 

i n s e t  shows the  q u a l i t y  of the  f i t  i n  the region of FMR. 



Ho I N  KOe 

F f g .  - 4.13 The t ransmiss ion  ampli tude a s  a func t ion  of the  appl ied  f i e l d .  
t 

The c r o s s e s  (+) r ep re sen t  exper imenta l  d a t a  and t h e  s o l i d  l i n e  was 

c a l c u l a t e d  using R - 3 . 5 7 2 ~  ohm-an, F-23.943 Giiz, @/% -7.822 KOe, 

4TMs=6.436 KOe, 2K1/Ms-1070 Oe, D-2.306-, A-1 x loa ergslcm, 

3 3 B2-1.35 x 1 0 ~ ' e r ~ s l c m  , density-8.942 g l c .  , Cb4-1.276 x 1012, 

8 .tau-1.0 x lo-', and 6-3.2 x 10 Hz i n  t h e  f i e l d  reg ion  from 5-6.5 KOe. 

For all o t h e r  f i e l d s  a magnetic damping of e 2 . 4 5  x lo8 Hz w a s  used. The 

i n s e t  shows the  q u a l i t y  of t h e  f i t  i n  t h e  region of FMR. 
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F i g  4.14 The t ransmiss ion  amplitude as a funct ion  of the  app l i ed  f i e l d .  - 
The crosses ,  (+) r ep re sen t  experimental  d a t a  and the s o l i d  l i n e  w a s  

c a l c u l a t e d  using R-2.533 p ohm-m, F-23.943 (Bz,  a/# =7.822.KOeS 

4 l f ~ ~ - 6 : 4 9 0  KOe, 2K1/Ms-1640 Oe, D-2.305- , A-1 x lod e rgs / cn ,  

8  3 3 B2=l.41 x 10 ergslem , d e n s i t y 8 . 9 5 1  g/cm , CM=1.288 x 1012, 

8  tau-1.3 x lo-', a d  G-3.7 x 10 Hz i n  t he  f i e l d  regicm-from 6-8.5 

For a l l  o t h e r  f i e l d )  a  magnetic d a m p i q  of G-3.10 x 10 

i n s e t  shows t h e  q u a l i t y  of t he  f i t  i n  t he  region of FMR. 
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F i g .  4.15 The transmission amplitude a s  a func t ion  of  t h e  appl ied  f i e l d .  - 
The c r o s s e s  (+) r ep re sen t  experimental d a t a  and t h e  s o l i d  l i n e  was 

- c a l c u l a t e d  usillg R-1 . 869 p ohm-cm, F'-23.943 Qh, @/Y -7.822 KOe,  

-6 4W Ma-6.522 KOe, 2K1/Ms--2300 O e ,  D - 2 . 3 0 5 , ~ ~ ~  A-1 x 10 ergs/em, 
8 3 B2-1.45 x 10 ergs/cm3, density-8.957 g/cm , Ch4-1.298 x 1 0  

8 tau-1.4 1 lo-', and M . 3  x 10 Hz i n  t h e  f i e l d  reg ion  above 6 me and a 
8 magnetic dampiug of G-5.3 x 10 He was we d  a t  f i e l d s  below 6 KOe. 
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Pig. 4.16 The tranamlssion amplitude as a funct ion of the applied f i e l d .  - 
T& crosses  (+) represent  ~ t p e r i m e n t a l  d a t a  and t h e  so l id  l i n e  was 

calcula ted  u s i q  R m 1 . 2 7 5 ~ ~  ohm-cm, F-23.943 GBz, &/'6 -7.822 KOe, . 

-6 4- ~ ~ - 6 . 5 4 8  KOe, 24/Ms-2750 O e ,  D ' 2 . 3 0 S p d 9  A-1 x 10 ergs/=,  
8 3 12 B2-1.48 x 10 ergs/cm3, density-8.962 g/cm , CS4-1.301'~ 10 , 

f 

tau-1.3 x lo-', a d  G-5.1 x lo8 Hz i n  the f i e l d  region above 6 lCOe and a 
-- - - 

8 magnetic dampi* of G-8.3 x 10 Hz was used f o r  f i e l d s  below 6 KOe. 
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temperature dependence of the magnetic dampi= parameter 
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V. DISCUSSION 

'. 1 

$. Lrm general '  ' the  , theory  out l ined  i n  chapter  2 gave a  good f i t  t o  t he  . * 
ob &&ed t ransmission s igna l s .  The observeQ temperature dependence of the  

. '4 

magnetic damping a t  FMAR w a s  found t o  ag ree  t o  w i th in  experimental e r r o r  

w i th  @ h e  r e i 6 t s  obtained by Heinrich e t  a1 11). In  a d d i t i o n  a  magnetic 
S .  

f l  
8 damping a t  'FIB with was .7 x 10 Hz l a g e r  than  t h a t  measured by Bhagat 

and Lubitz  -[3] , was found tb g i v e ,  a  good f i t  t o  t he  l inewidth  of t he  

u l t r a s o n i c  s igna l .  This  a d d i t i o n a l  damping a t  FMR i s  probably due t o  t h e  
* .  

p'resence of su r f ace  imperfect ions.  

Mag ne tic Damping 

A t  t h i s - p o i n t  a  b r i e f  d i scuss ion  about the  o r i g i n  of magnetic damping 
b 

i n  metals  i s  i n  order.  I n  a d d i t i o n  t o  t h e  damping which r e s u l t s  from the  

presence of imperfec t ions  ( i e  two magnon s c a t t e r i n g  [ 8 ] ) ,  t he re  i s  a l a r g e  

i n t r i n s i c  damping assoc ia ted  with the  presence of the  conduction e l ec t rons .  

Badges, Stone and Gold [35] have shown t h a t  the shape of the Fermi su r f ace  

changes when the  d i r e c t i o n  of t he  sample magnet izat ion i s  changed. Hence 

t h e  Fermi su r f ace  w i l l  be c o n t i n u a l l y  changing shape i n  response t o  a  

precessing magtletization and the  d i s t r i b u t i o n  of t he  e l e c t r o n s  w i l l  always 

l a g  behind the ins tan taneous  equ i l i b r ium d i s t r i b u t i o n .  This  phase l a g  

g i v e s  rise t o  a magnetic damping term. I f  the e l e c t r o n  r e l axa t ion  time i s  
b 
;i 

"7 h s h o r t e r  than the period of precess ion  w e  f i n d  t h a t  the magnetic 

damping from t h i s  source i s  propor t iona l  t o  the  r e l a x a t i o n  time ( o r  the 

DC conduct iv i ty  e ). This damping mechanism was proposed by Kambersky [ 5 ]  

and was l a t e r  extended by Korenmann and Prange 161 who made an  e s t ima te  of 



t h e  s i z e  of  t he  magnetic damping based oa a band theory  model of ' 

ferromagnetism i n  which s p i n  o r b i t  coupling had been included.  ' Korenmann 

and Prange, found t h a t  t h e  magnetic damping was a p p r w  imate ly  propor t iona l  

t o  the wavenumber dependent e l e c t r i c a l  conduc t iv i ty  

where b Vp is  the  e l e c t r o n  mean f r&e  path and K is  t h e  wavenumber - 

assoc ia ted  with 'a t e magnetic d i s turbance .  
\ 

C 7 
Another source of magnetic damping a r i s e s  from t h e  f i n i t e  s p i n  

l i f e t i m e  of the ferromagnet ic  e l ec t rons .  A number of a u t h o r s  have s tudied % 

t h i s  problem [36,37,38]  and found t h a t  i n  ou r  temperature range the  
\: 

magnetic damping should be propor t iona l  t o  \/Z ( o r  the  DC r e s i s t i v i t y  f ) . f. 

where is  the conduction e l e c t r o n  r e l axa t ion  t i m e .  

A s  a  r e s u l t  of t hese  cons ide ra t ions  Heinrich e t  a 1  [ I ]  made a  f i t  t o  

the  magnetic damping measured a t  FMAR using two terms, one p ropor t iona l  t o  

w ( a t  FNAR KL<l and do ( t a n - l K L ) / ~ ~ = l )  and one p ropor t iona l  t o  f . They 

obtained a  good f i t .  t o  the observed damping using the  -formula 

This  formula bas used t o  draw the s o l i d  l i n e  shorn i n  Fig. (4.17) and i s  

i n  agreement with the  r e s u l t s  w e  have obtained t o  w i th in  t h e  u n c e r t a i n t y  of 

the  experiment. 



1 
L 

Ul t r a son ic  Attenuat ion - 

There a r e  a number of mechanisms' which g i v e -  r i s e  t o  u l t r a s o n i c  

a t t e n u a t i o n  i n  a ferromagnet ic  metal.  One of t h e  l a r g e s t  of these  r e s u l t s  

from the magnetoelast ic  coupling between the  l a t t i c e  and the magnetization. 

i 
This  term 'was included i n  t he  theory  out l ined  i n  chapter  2 and g i v e s  r i s e  

t o  t he  magnetic f i e l d  dependent u l t r a s o n i c  a t t e n u a t i o n  which i s  shown i n  

Fig. 2.10. This  con t r ibu t ion  r e s u l t s  i n  an u l t r a s o h i c  energy decay length  

of  a 5-(a l i f e t i m e  of 1.5 x lo-' s e c )  a t  EWt a t  room ' temperature: ( I t  

should be noted' t h a t  t h i s  a t t e n u a t i o n  occurs  i n  a d d i t i o n  t o  t he  damping 

r e l a t e d  t o  the value of tau.)  . 

The f i n i t e  u l t r a s o n i c  energy decay time t a u  accounts  f o r  the 

u l t r a s o n i c  a t t e n u a t i o n  caused by the  following mechanisms. The f i r s t  o f  

which r e s u l t s  from i n t e r a c t i o n s  between the u l t r a s o n i c  wave and the  

conduct ion e l ec t rons .  This e f f e c t  has  been s tudied  i n  cons iderable  d e t a i l  

s i n c e  the  measurement of u l t r a s o n i c  a t t e n u a t i o n  i n  superconducting 

m a t e r i a l s  provides u se fu l1  information about t he  s i z e  of t he  energy gap  

( s e e  [39,40]).  I n  normal meta ls  energy i s  l o s t  from the  a c o u s t i c  wave 

because the  motion of the  conduction e l e c t r o n s  l a g s  s l i g h t l y  behind t h a t  of 

t h e  l a t t i c e .  The motion of t he  e l e c t r o n s  r e l a t i v e  t o  t he  l a t t i c e  g i v e s  

r i s e  t o  an ohmic lo s s .  The c a l c u l a t i o n  of t he  r a t e  of a t tenuapion  i s  

complicated by the  f a c t  t h a t  a t  low temperatures the e l e c t r o n  mean f r e e  

pa th  becomes longer  than t h e  a c o u s t i c  wavelength. This problem has been 

addressed by a number of a u t h o r s  ( Pippard [41] ,Steinberg [42] ,  Cohen, 

Harr ison and Harr ison 1431 and Banic and Overhauser [44] ). The a t t e n u a t i o n  

l e n g t h  reaches a minimum a t  helium temperatures and by using equat ion - 3.5 

of Steinberg [42] with the modi f ica t ion  t h a t  we inc lude  the  permeabi l i ty  

A i n  the  c a l c u l a t i o n  of t h e  s k i n  depth  ( b's'lsa becomes ka. wrwa* 
c= ) 

& 



we f ind  t h a t  the  a t t e n u a t i o n  l eng th  from t h i s  source i s  a t  worst 60+(a 

l i f e t i m e  of more than 20 nsec.) and so  i t  i s  u n l i k e l y  t h a t  t he  conduction 

e l e c t r o n s  produce a  s i g n i f i c a n t  amount of u l  t r a son ic  s i g n a l  a t t e n u a t i o n  i n  

our  samples. 

A t h i r d  ' source of energy l o s s  r e s u l t s  from the  coupling of t he  

, u l t r a s o n i c  wave i o  thermal phonons by means of anharmonic terms i n  the 

s t r a i n  tenso?. The presence of anharmonic terms causes the 

brium condi t ions  f o r  t he  thermal phonons t o  vary  wi th  time when an / 
u l t r a s o n i c  wave i s  present .  The phonons w i l l  c o n t i n u a l l y  r e l a x  back toward 

thermal e q u i l i b r i q n  and i n  doing so  w i l l  damp the  u l t r a s o n i c  s i g n a l .  This 

source of damping w a s  f i r s t  pointed out by Akhieser 1451 and has  s i n c e  

been t r ea t ed  t h e o r e t i c a l l y  by Bommel and Dransfeld [46 ] ,  Woodruff and 

Ehrenrich [47] and Mason and Bateman [48]. This is the  dominant l o s s  

mechanism i n  many i n s u l a t i n g  c r y s t a l s  a t  room temperature.  0 l . v e r  and 

Slack [49] preseht  an apprcncimate express ion  f o r  t he  room temperature sound 

at ' tenuat ion which was based on the  r e s u l t s  of Woodruff and ~ h r e n r e i c h .  

This  expression y i e l d s  an u l t r a s o n i c  r e l axa t ion  time of  appraximately 

1 nsec. This r e l a x a t i o n  time i s  expected t o  be only weakly temperature 

dependent f o r  sample temperatures  l a r g e r  than =,> eDebye (75 K f o r  Ni). L 
- - 

We have a l s o  observed t h a t  t he re  was a  marked dec rease  i n  t he  s i z e  

of the s i g n a l  txansmit ted a t  FMR a f t e r  t he  dample had been mechanically - 

deformed. This sugges ts  t h a t  d i s l o c a t i o n s  play a  r o l e  i n  determining the 

a t t e n u a t i o n  length.  Granato arid Lucke [50] have s tudied  the  a t t e n u a t i o n  of 
- 

sound by d i s l o c a t i o n s  . The observed r i s e  i n  t he  u l t r a s o n i c  a t t e n u a t i o n  

10 2 
, could be accounted f o r  with a  reasonable d i s l o c a t i o n  d e n s i t y  ( N  a 1 0  /cm ). 



Perhaps the most u se fu l  r e s u l t  o f  t h i s  work was the  development of a  

technique f o r  producing t h i n  s i n g l e  c r y s t a l s  of uniform thickness'. These 

c r y s t a l s  can be grown t o  th icknesses  i n  excess  of 2 0 p d a n d  appear t o  have 
- 

mate r i a l  p rope r t i e s  which a r e  i nd i s t i ngu i shab le  'from bulk nickel .  I n  t he  

unannealed s t a t e  the  e p i t a x i a l l y  grown c r y s t a l s  have a  h igher  r e s i d u a l  

r e s t i v i t y  r a t i o  (RRR > 200) than i s  found i n  n i cke l  c r y s t a l s  grown by the  

Czochralski technique (RRR 70). This work confirms the  e a r l i e r  

measurements of t he  temperature dependence of t he  magnetic damping a t  FMAR 

made by Heinrich,  Meredith and Cochran [ I ] .  The l a r g e  u l t r a s o n i c  s i g n a l  -- 

centered a t  FMR prevented us from determining the  magnetic damping a t  

temperatures below -100 K. 

The  observed u l t r a s o n i c  s i g n a l  amplitude could be accounted f o r  by 

using the  bulk value of the  magnetos t r ic t ion  cons t an t ,  and by using a.n 

u l t r a s o n i c  energy decay time of 1.2 nsec ( a  mean f r e e  path of 5 ~ ) .  

This  i s  believed t o  be t h e  f i r s t  measurement of t he  u l t r a s o n i c  mean f r e e  

path i n  n i c k e l  a t  a frequency above 9 GEIz. The observed u l t r a s o n i c  

a t t e n u a t i o n  can be accounted f o r  by two e f f e c t s :  t he  absorp t ion  of  sound by 

0 

dis loca t ior la  and the a t t e n u a t i o n  due t o  coupling of the  u l t r a s o n i c  wave t o  

therukal phonons by anharmonic terms i n  t h e  s t r e s s  s t r a i n  tensor .  

In  order  t o  extend the  measurement of  t he  magnetic damping a t  FMAR t o  

lower temperatures it appears  t h a t  we must produce samples with a  

non-uniform thickness .  This could be done e i t h e r  modifying the p l a t ing  
=3 

c e l l  geometry so  a s  t o  produce wedge shaped samples o r  by e l ec t ropo l i sh ing  
- -- 

t he  samples a f t e r  they  had been grown (e l ec t ropo l i sh ing  produces a  s l i g h t l y  
I 

r ipp led  sur face) .  A more accn ra t e  determfnat ion of the temperarure I 
I 

a 

dependence of the u l t r a s o n i c  a t t e n u a t i o n  could be made i f  t h i cke r  samples 



were used. The use of thic'ker samples would a l s o  reduce the  siz;? o f the 

thickness a c r u c i a l  f a c t o r  i n  the  determination of the  temperature 

dependence of the u l t r a son ic  at tenuation.  

It i s  a l s o  poss ib le  t o  determine the  exchange constant  by measuring'- 

the separat ion between FMR and the  peak i n  the  magnetoelastic component of 

the u l t r a son ic  a t tenuat ion .  This separat ion was too l a r g e  t o  be readi ly  

measured a t  24 Qlz, however, a s  the  separa t ion  i s  propor t ional  t o  the 

. frequency squared measurements made. a t  lower frequencies can be used t o  

* determine the  exchange constant.  Reference [18 ] conta ins  o u r  preliminary 

r e s u l t s  of the u l t r a s o n i c  determination of exchaxige a t  9.5 C;Bz. 

.,' 
,-" 
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