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SECTION I 

INTRODUCTION 

T h i s  i s  t h e  f i n a l  r e p o r t  of C o n t r a c t  NAS8-20509. The g o a l s  o f  t h i s  

program were t h r e e f o l d :  

1. To deve lop  t h e  sample m a t e r i a l  and t h e  t e c h n i q u e s  o f  sample pre- 
p a r a t i o n  r e q u i r e d  f o r  a room-temperature magneto-opt ic  memory. 

2. To s tudy  t h e  magne t i c ,  o p t i c a l ,  and thermal p r o p e r t i e s  of these 
m a t e r i a l s  i n  o r d e r  t o  op t imize  t h e  d e s i g n  of  a magneto-opt ic  
memory. 

3.  To d e s i g n  and b u i l d  a magneto-opt ical  memory f o r  demons t r a t ing  
packing d e n s i t y  and r ead  and write c y c l e  times. 

The s t o r a g e  element of t h e  proposed memory i s  a p l a t e l e t  of gadol inium 

i r o n  g a r n e t  (GdIG) doped w i t h  aluminum s o  t h a t  t h e  compensation t empera tu re  

i s  approximately room tempera tu re .  In fo rma t ion  i s  writ ten i n t o  t h i s  memory 

by s i m u l t a n e o u s l y  h e a t i n g  a d i s c r e t e  a r e a  of t h e  sample and app ly ing  a 

magne t i c  f i e l d .  The c o e r c i v i t y  of the gado l in ium i r o n  g a r n e t  i s  v e r y  l a r g e  

a t  t h e  compensation t empera tu re .  The a p p l i e d  f i e l d  i s  l a r g e r  t han  t h e  

c o e r c i v i t y  of the hea ted  r e g i o n ,  b u t  not t h e  remainder  of the sample. There- 

f o r e ,  t h e  magnet ic  moment of o n l y  t h e  hea ted  r eg ion  i s  switched i n t o  t h e  

d i r e c t i o n  of t h e  a p p l i e d  f i e l d .  

Faraday r o t a t i o n  of a p o l a r i z e d  beam of l i g h t  by t h e  sample. 

m a g n e t i z a t i o n  of a r e g i o n  i s  determined by obse rv ing  t h e  d i r e c t i o n  of 

Faraday r o t a t i o n .  

The  readout  s i g n a l  i s  d e r i v e d  from the 

The s t a t e  of 

F i g u r e  1-1 shows the arrangement of t h e  v a r i o u s  components. 

1-1 



Figure  1-1. Arrangement of Components i n  a 
Mag ne t o-Opt i c Memory Sy s t em 
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SECTION 2 

SUMMARY 

We have developed the  t echn iques  of growing l a r g e  f l u x - f r e e  GdIG w i t h  

a compensation t empera tu re  of  25OC. 

GdIG s u i t a b l e  f o r  use as a memory element h a s  been e s t a b l i s h e d /  

The  method of p repa r ing  p l a t e l e t s  o f  

Faraday r o t a t i o n  and a b s o r b t i o n  measurements have been made o v e r  a 

wide r ange  o f  wavelengths ,  and t h e  optimum wavelength f o r  memory o p e r a t i o n  

h a s  been determined.  

We have r ecogn ized  the importance of  domain walls on t h e  m i n i m u m  s i z e  

of  a b i t  on a con t inuous  p l a t e l e t ;  we have t h e r e f o r e  s c r i b e d  o u r  samples and 

ach ieved  squa re  b i t s  20 microns on a s i d e .  T h e  optimum procedure f o r  h e a t i n g  

t h e  sample d u r i n g  t h e  write c y c l e  as well a s  t h e  l a s e r  power r e q u i r e d  has  

been de te rmined .  Wr i t ing  speeds o f  a few microseconds a r e  p o s s i b l e  w i t h  a 

100-mill iwatt  laser i f  a l l  0's a r e  written a t  one time fol lowed by a l l  t h e  

1 ' s .  

F i n a l l y ,  a system has been b u i l t  which demons t r a t e s  t h e  f e a s i b i l i t y  of 

the GdIG memory element., Memory b i t s  were 20 microns on a s i d e .  The  hea t -  

i n g  time was found t o  be 1 m i l l i s e c o n d ,  which i s  c o n s i s t e n t  w i t h  o u r  

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

The GdIG memory element can be improved by u s i n g  an argon ion l a s e r  w i t h  

an o u t p u t  a t  5145 Angstroms, by making t h e  s c r i b e d  l ines opaque, and by us ing  

a beam expander  and t h e r e b y  ach ieve  b e t t e r  f o c u s i n g  of t h e  l a s e r  beam./ 

2- 1 



SECTION 3 

MATERIALS AND SAMPLE PREPARATION PROGRAM 

3.1. COMPENSATION TEMPERATURE 

The f i r s t  g o a l  o f  t h i s  p r o j e c t  was t h e  p r e p a r a t i o n  of a m a t e r i a l  w i t h  
0 a compensation t empera tu re  o f  25 C. I t  was determined t h a t  such a m a t e r i a l  

could be  made by r e p l a c i n g  a sma l l  f r a c t i o n  of t h e  i r o n  i o n s  i n  gadol inium 

i r o n  g a r n e t  w i t h  aluminum i o n s .  The e f f e c t  o f  t h e  aluminum can be under- 

s tood  from t h e  fo l lowing  d i s c u s s i o n s .  

In t h e  gadol inium i r o n  g a r n e t ,  Gd Fe 0 t h e  i r o n  i o n s  occupy two 3 5 12'  
d i f f e r e n t  s i t e s .  
s i t e s ,  and t h e  o t h e r  two occupy o c t a h e d r a l  s i t e s .  The i r o n  i o n s  on t h e  

o c t a h e d r a l  and t e t r a h e d r a l  s i t e s  a r e  coupled a n t i f e r r o m a g n e t i c a l l y  by t h e  

super-exchange mechanism; t h a t  i s ,  the coup l ing  i s  by way of t h e  in te rven-  

ing  oxygen. 

i s  1.5 times a s  l a r g e  as  t h e  moment on t h e  o c t a h e d r a l  s i t e s ,  and t h e r e f o r e  

the r e s u l t a n t  magne t i za t ion  of t h e  i r o n  i o n s  i s  i n  t h e  d i r e c t i o n  of t h e  mag- 

n e t i z a t i o n  of t h e  i o n s  i n  t e t r a h e d r a l  c o - o r d i n a t i o n .  The gadol inium i o n s  

are coup led  a n t i f e r r o m a g n e t i c a l l y  t o  t h e  net moment of t h e  i r o n  i o n s .  T h e  

c o u p l i n g  i s  much weaker than  tha t  between t h e  i r o n  i o n s .  As a consequence 

the m a g n e t i z a t i o n  of the r a r e  e a r t h  i o n s  d r o p  v e r y  q u i c k l y  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 ,  app rox ima te ly  as 1/T. The re fo re ,  a t  t e m p e r a t u r e s  nea r  t h e  C u r i e  

p o i n t ,  t h e  m a g n e t i z a t i o n  o f  the i r o n  ions  dominate.  On t h e  o t h e r  hand, be- 

c a u s e  t h e  gado l in ium has  a s a t u r a t i o n  moment which i s  much l a r g e r  t han  t h e  

r e s u l t a n t  m a g n e t i z a t i o n  of t h e  i r o n  i o n s ,  t h e  moment of t h e  gado l in ium i o n s  

dominate  a t  low t empera tu re .  The re fo re ,  a compensation p o i n t  of t h e  magne- 

t i z a t i o n  i s  obse rved .  

Three of t he  atoms i n  each formula u n i t  occupy t e t r a h e d r a l  

The t o t a l  m a g n e t i z a t i o n  of t h e  i o n s  on t h e  t e t r a h e d r a l  s i t e s  

F i g u r e  3-1 shows a p l o t  o f  the magne t i za t ion  of t h e  i r o n  i o n s  and a 

t y p i c a l  r a r e  e a r t h  i o n  a s  a f u n c t i o n  of t empera tu re .  Also shown i s  the 

3- 1 
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F i g u r e  3-1. Magnet izat ion of a T y p i c a l  
Rare Earth ( G a r n e t )  

t o t a l  m a g n e t i z a t i o n .  

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

A t  t h e  temperature  marked Tc ,  t h e  m a g n e t i z a t i o n  of  t h e  

0 
The compensation t empera tu re  of  gadol inium i r o n  g a r n e t  i s  15 C.  The 

s u b s t i t u t i o n  of aluminum f o r  t h e  i r o n  r educes  t h e  moment of t h e  i r o n  l a t t i c e .  

T h i s  i s  a consequence of t h e  p r e f e r e n t i a l  occupa t ion  of t e t r a h e d r a l  s i t e s  by 

t h e  aluminum because the aluminum ion i s  s m a l l e r  than the i r o n  i o n ,  and t h e  

t e t r a h e d r a l  s i t e s  a r e  s m a l l e r  than the o c t a h e d r a l  s i t e s .  A r e d u c t i o n  of the  

m a g n e t i z a t i o n  of the i r o n  l a t t i c e  r a i s e s  t h e  t empera tu re  a t  which t h e  i r o n  

l a t t i c e  i s  compensated by the gadolinium l a t t i c e .  

3- 2 



The program t o  r a i s e  t h e  compensation t empera tu re  was c a r r i e d  o u t  on 

s i n g l e  c r y s t a l s .  I n  t h e  f i r s t  r u n ,  f ou r  p e r c e n t  o f  t h e  Fe 0 used i n  t h e  

c r y s t a l  growing m i x t u r e ,  was r e p l a c e d  by A1203. 

growing procedure a r e  p re sen ted  under  heading 3.2.3).  

temperature  of t h e  r e s u l t i n g  c r y s t a l s  was 60 C. The composi t ion of these 

c r y s t a l s  was chemica l ly  determined t o  be Gd3Fe5-xAlx012 where x was 0.03. 

A d d i t i o n a l  r u n s  were made w i t h  d i f f e r e n t  amounts o f  aluminum, and c r y s t a l s  

were grown w i t h  compensation t empera tu res  of 17OC, 3OoC, and 27OC. I t  was 
found t h a t  an x = 0.02 i n  t h e  above formula r e s u l t e d  i n  c r y s t a l s  w i t h  a com- 

p e n s a t i o n  t empera tu re  very c l o s e  t o  room t empera tu re .  

2 3' 
( D e t a i l s  of  t h e  c r y s t a l  

The compensation 
0 

3.2.  MATERIAL PREPARATION 

T h r e e  d i f f e r e n t  methods of p repa r ing  gado l in ium i r o n  g a r n e t  were i n -  

v e s t i g a t e d :  t h i n  f i l m s ,  p o l y c r y s t a l l i n e  samples ,  and s i n g l e  c r y s t a l s .  

3.2.1. T H I N  FILMS 

E f f o r t s  were made t o  p r e p a r e  g a l o l i n i u m  i r o n  g a r n e t  f i l m s  by t h e  method 

d e s c r i b e d  by Wade, e t  a l . '  

gado l in ium,  i r o n ,  and aluminum n i t r a t e  i n  s o l u t i o n  a r e  prepared f i r s t .  Quar t z  

s u b s t r a t e s  a r e  coa ted  w i t h  the  s o l u t i o n  and d r i e d  a t  40OoC. 

a r e  a p p l i e d .  The s u b s t r a t e  i s  t hen  f i r e d  i n  a p u r e  oxygen atmosphere a t  

l l O O ° C  f o r  two hours .  

I n  t h i s  p rocedure ,  s t o i c h i o m e t r i c  mixtures of 

About 10 c o a t s  

T h e  resul ts  were d i s a p p o i n t i n g .  T h e  films were v e r y  non-uniform. X-ray 

d i f f r a c t i o n  measurements were made, and i t  was found t h a t  t h e  f i l m s  were n o t  

s i n g l e  phase.  Magnetic measurements showed a compensation t empera tu re  of 

about  40 C ,  however t h e  m a g n e t i z a t i o n  d i d  not  d r o p  t o  z e r o  a t  t h e  compen- 

s a t i o n  t empera tu re .  Th i s  shows t h a t  there i s  more than one magnet ic  com- 

ponent .  

0 

I n  r e t r o s p e c t ,  t h i s  e f f o r t  was exceed ing ly  premature.  I n  v i e w  of  t h e  

p r i m i t i v e  s t a t e - o f - t h e - a r t  of  t h i s  t y p e  of memory, i t  i s  a d v i s a b l e  t o  per- 

f o r m  a l l  r e s e a r c h  on the v e r y  b e s t  m a t e r i a l ,  namely s i n g l e  c r y s t a l s .  



3 .2 .2 .  POLYCRYSTALLINE MATERIALS 

Gadolinium i r o n  g a r n e t  samples were made by Spe r ry  Microwave i n  C l e a r -  

wa te r  and prepared f o r  o p t i c a l  s tud ie s .  Although the work w i t h  p o l y c r y s t a l -  

l i n e  m a t e r i a l  was l i m i t e d ,  a number of s i g n i f i c a n t  c o n c l u s i o n s  were reached ,  

Very d e n s e ,  h i g h l y  uniform p o l y c r y s t a l l i n e  m a t e r i a l  could be p repa red .  The  

o p t i c a l  a b s o r p t i o n  and t h e  Faraday r o t a t i o n  of  the  p o l y c r y s t a l l i n e  m a t e r i a l  

were essent ia l ly  t h e  same a s  t h o s e  of the s i n g l e - c r y s t a l  m a t e r i a l .  

c r y s t a l l i n e  samples could no t  be made as t h i n  a s  t he  s i n g l e - c r y s t a l  samples .  

The t h i n n e s t  sample achieved was 7 x c e n t i m e t e r s  t h i c k ,  which i s  more 

than tw ice  t h e  optimum t h i c k n e s s  f o r  use w i t h  a helium-neon l a s e r .  

f i n a l l y ,  the most s e r i o u s  d e f e c t ,  t h e  p o l y c r y s t a l l i n e  samples d i d  not have 

a magnet ic  a n s i s o t r o p y ;  t h e r e f o r e ,  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  p l ane  

o f  the p l a t e l e t  could not  be made i n t o  an e a s y  d i r e c t i o n .  

Poly- 

And 

3.2.3. SINGLE CRYSTALS 

S i n g l e - c r y s t a l  m a t e r i a l  was grown by the molten f l u x  method.:! I n  t h i s  

method one mixes a l l  the c o n s t i t u e n t s  of t h e  m a t e r i a l  w i t h  a f l u x ,  t h e  mix- 

ture i s  t h e n  r a i s e d  t o  a t empera tu re  a t  which the f l u x  i s  i n  t h e  l i q u i d  

s t a t e ,  and a l l  t h e  c o n s t i t u e n t s  are d i s s o l v e d .  O n e  t h e n  r educes  the  tempera- 

ture s lowly .  When the  s o l u t i o n  i s  cooled below the  t empera tu re  a t  which i t  

i s  s a t u r a t e d ,  c r y s t a l s  n u c l e a t e  on mic roscop ic  impuri t ies  and t h e n  grow a s  

t h e  t e m p e r a t u r e  i s  reduced. 

I n  o u r  work, platinum-rhodium c r u c i b l e s  were r e q u i r e d  t o  c o n t a i n  t h e  

m i x t u r e  because  of i t s  c o r r o s i v e  na tu re  a t  high t empera tu res .  Useable c r y s -  

t a l s  w i t h  a mass between 1 t o  8 grams were grown i n  a lOC!-milliliter c r u c i b l e .  

I f  l a r g e r  c r y s t a l s  a r e  d e s i r e d ,  a 1 0 0 0 - m i l l i l i t e r  c r u c i b l e  can be used.  The  

c o n s t i t u e n t s  t h a t  y i e l d e d  a g a r n e t  w i t h  a 27-degree compensation t empera tu re  

were : 

10 mole p e r c e n t ,  weight = 36.18 grams 

19.6 mole p e r c e n t ,  weight = 31.20 grams 
Gd203 

Fe 0 2 3  

Kriessman,  C. J . ,  and Goldberg,  N . ,  " P r e p a r a t i o n  and C r y s t a l  S y n t h e s i s  of 
Magnetic Oxides,"  i n  - Magnetism, Vol 3 ,  Ed. Rado, G .  T . ,  and S u h l ,  H . ,  
( Academic Prc.ss, I n c . ,  19631, pp. 553-597. 

2 
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0 . 4  mole p e r c e n t ,  weight = 0.40 gram 

PbO 3 mole p e r c e n t ,  weight = 69.96 grams 

PbFl 40 mole p e r c e n t ,  weight = 98.0 grams 

2'3 

The l e a d  ox ide  and l ead  f l u o r i d e  a r e  the f l u x  o r  s o l v e n t .  

The mix tu re  i s  p rehea ted  a t  12OoC f o r  one hour t o  d r i v e  o f f  m o i s t u r e ,  

and t h e n  a p l a t inum cover  i s  tamped on t o  r educe  e v a p o r a t i o n .  The plat inum 

c r u c i b l e  i s  placed i n  a heavy Zr02 c r u c i b l e  t o  p r o t e c t  t h e  f u r n a c e  i n  c a s e  

of a l eak  i n  t h e  plat inum c r u c i b l e .  I t  has  been found t h a t  l a r g e r  c r y s t a l s  

a r e  grown if t h e r e  i s  a t e m p e r a t u r e  g r a d i e n t  i n  t h e  c r u c i b l e .  To ensure a 

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

f u r n a c e  i s  hea ted  t o  a t e m p e r a t u r e  of  1270 d e g r e e s  and k e p t  there f o r  a t  

l e a s t  s i x  hours.  The f u r n a c e  i s  t h e n  coo led  a t  a r a t e  of  about 2OC per hour  

t o  approx ima te ly  1000 C ,  a t  which t ime the power i s  s h u t  o f f ,  and the c r u c i -  

b le  i s  f u r n a c e  cooled t o  room temperature .  The c r y s t a l s  a r e  removed from 

t h e  s o l i d  l e a d  ox ide - l ead  f l u o r i d e  matrix by r e p e a t e d  b o i l i n g  i n  50 p e r c e n t  

"03. 

0 

A t y p i c a l  r u n  would y i e l d  m a t e r i a l  f o r  making 10 t o  20 samples.  

3.3 .  SAMPLE PREPARATION 

I t  i s  necessa ry  t o  p r e p a r e  samples t h a t  a r e  t h i n  

s i g n i f i c a n t  f r a c t i o n  of t h e  l i g h t .  It i s  shown unde r  

mum Faraday r o t a t i o n  s i g n a l s  a r e  obtained f o r  samples 

tensi ty  of  the i n c i d e n t  l i g h t  by a f a c t o r  of e . The 2 

enough t o  t r a n s m i t  a 

heading 5.1 t h a t  maxi- 

which reduce t h e  i n -  

o p t  i m u m  t h i  ckness  

t h e r e f o r e  depends on the wavelength of l i g h t  t h a t  i s  used. I f  a helium-neon 

l a s e r  i s  used a t  6328 Angstroms, t h e  optimum t h i c k n e s s  i s  about 1 m i l .  

Developing the t echn ique  f o r  p repa r ing  p l a t e l e t s  of t h i s  t h i c k n e s s  was 

a ma jo r  e f f o r t .  We have p r e v i o u s l y  r e p o r t e d  a procedure which could be used 

t o  make samples t h a t  were t h i n  enough, b u t  t h e  samples had a s e r i o u s  d e f e c t .  

They were mounted i n  epoxy and i t  d e p o l a r i z e d  the l i g h t  and thereby reduced 

the Faraday r o t a t i o n  s i g n a l .  

Wc! have now developed t h e  fo l lowing  n e w  p rocedure ,  which avo ids  t h i s  

d i f f i c u l t y .  

1. O r i e n t  c r y s t a l s  so  t h a t  t h e y  can be c u t  along a [111] p lane .  

2. C u t  the  c r y s t a l  i n t o  20-mil s e c t i o n s  w i t h  a 15-mil diamond saw. 

3. Shape s l a b s  i n t o  s q u a r e s  and mount i n  epoxy. 
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4. Remove 5 t o  10 mils o f  m a t e r i a l  with 400 g r i t  Sic paper  t o  
e l i m i n a t e  a l l  sawing damage. 

5. Grind o f f  about 2 mils on 600 g r i t  Sic paper  so  t h a t  a l l  co ld  
work damage from t h e  400 paper i s  removed. 

6 .  Rough-polish sample on a 250-revolut ion-per-minute  nylon l a p  
us ing  SnO and d i s t i l l e d  water  u n t i l  no s c r a t c h e s  are v i s i b l e  
w i t h  a 14-power lens .  2 

7. F i n a l - p o l i s h  on a 125-revolut ion-per-minute  d u r a c l o t h  l a p  

2 3  us ing  0.1 micron gamma A 1  0 
pressure f o r  about 10 m i n u t e s .  

and water w i t h  medium t o  l i g h t  

8. C a r e f u l l y  remove epoxy from sample. T h i s  i s  done by g r i n d i n g  
away most of i t  and t h e n  using an epoxy s o l v e n t  t o  complete the 
removal. 

9. Mount t h e  p o l i s h e d  sample f a c e  down on to  a 7-millimeter squa re  
o p t i c a l  g l a s s  which i s  50 mils t h i c k .  An o p t i c a l  t h e r m o s e t t i n g  
p l a s t i c ,  No. 70 C ,  made by H. C o u r t r i g h t  and Co., Chicago, I l l . ,  
was used t o  cement t h e  GdIG t o  the g l a s s .  

10. E n c a p s u l a t e  t h e  glass-mounted sample i n  epoxy and r e p e a t  t h e  
p r e v i o u s l y  d e s c r i b e d  p o l i s h i n g .  

11. C a r e f u l l y  remove epoxy. 

After t h e  samples have been p o l i s h e d ,  t h e y  a r e  s c r i b e d  i n t o  s q u a r e s .  

T h i s  i s  done w i t h  a Model 750 S c r i b e r  made by Ku l i cke  and S o f f a ,  F o r t  

Washington, Pa. A "dead sharp" diamond phono need le  w i t h  about 10 grams 

f o r c e  has been used t o  s c r i b e  s q u a r e s  which  were 20 microns on a s i d e .  The 

memory d o e s  not  o p e r a t e  p rope r ly  i f  the s c r i b e  l ine  does not  c u t  completely 

th rough  t h e  sample. Th i s  b e h a v i o r  i s  exp la ined  under heading 4.2.4.  
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SECTION 4 

PROPERTIES OF GADOLINIUM ALUMINUM IRON GARNET 

I n  o r d e r  t o  d e s i g n  a memory based on gado l in ium aluminum i r o n  g a r n e t ,  

T h i s  s e c t i o n  d e s c r i b e s  t h e  measurements made and t h e  tech- 

measurements of c e r t a i n  magnet ic  and o p t i c a l  p r o p e r t i e s  of t h i s  m a t e r i a l  

are e s s e n t i a l .  

n iques  used i n  making t h e  measurements. 

4.1.  MAGNETIC MEASUREMENTS 

4.1.1. COMPENSATION TEMPERATURE 

T h e  d e t e r m i n a t i o n  o f  t h e  compensation t empera tu re  was made w i t h  t h e  

a i d  of a v i b r a t i n g  sample magnetometer. F i g u r e  4-1 shows a diagram of t h e  

d e v i c e .  The  sample i s  v i b r a t e d  a t  90 c y c l e s  per second normal t o  t h e  d . c .  

magnet ic  f i e l d  of a 4-inch Varian magnet. The f i e l d  i s  l a r g e  enough t o  

s a t u r a t e  t h e  m a g n e t i z a t i o n  of t h e  sample. The motion i s  provided by an 

1800-revolution-per-minute synchronous moto r ,  a 1 t o  3 speed change r ,  and an 

e c c e n t r i c  cam t o  t r ans fo rm t h e  r o t a r y  motion t o  r e c i p r o c a l  motion. T h e  

ampl i tude  of t h e  motion i s  t y p i c a l l y  1 millimeter. The m a g n e t i z a t i o n  i s  

sensed by a pick-up c o i l  whose a x i s  i s  p a r a l l e l  t o  t h e  a x i s  of the sample 

motion. The ampli tude of  t h e  a .c .  s i g n a l  g e n e r a t e d  i n  t h e  c o i l  i s  t h e r e f o r e  

pro p o r t  i o n a l  t o  t h e  magnet i zat i on.  

Because of t h e  sma l l  magne t i za t ion  of o u r  samples ,  ( z e r o  a t  t h e  compen- 

s a t i o n  t empera tu re )  i t  i s  necessa ry  t o  use a lock-in a m p l i f i e r  t o  i n c r e a s e  

t h e  s i g n a l - t o - n o i s e  r a t i o n .  A r e f e r e n c e  s i g n a l  i s  g e n e r a t e d  by a small perma- 

n e n t  magnet w h i c h  i s  a l s o  v i b r a t e d  a t  90 c y c l e s  per second. The samples a r e  

immersed i n  an o i l  b a t h  whose t empera tu re  can be c o n t r o l l e d .  F i g u r e  4-2 

shows p l o t s  of m a g n e t i z a t i o n  ( a r b i t r a r y  u n i t s )  versus t empera tu re  of three 

d i f f e r e n t  samples .  The t empera tu re  a t  which the magne t i za t ion  i s  m i n i m u m  

i s  t h e  compensat ion p o i n t .  
4- 1 



SYN. MOTOR 

REF: SAMPLE 

BUCK OUTJ ~ A W P L E  448-2  

F i g u r e  4-1. V i b r a t i n g  Sample Magnetometer 

4.1.2. MEASUREMENT OF THE COERCIVE FORCE 

T h e  c o e r c i v e  f o r c e ,  Hc, i s  ano the r  impor t an t  magnet ic  parameter  i n  t h e  

d e s i g n  of  t h e  magneto-opt ic  memory. I t  was a l s o  measured w i t h  t h e  v i b r a t i n g  

magnetometer.  The sample and pick-up c o i l  were p o s i t i o n e d  o n  a l i n e  p a r a l l e l  

t o  t h e  f i e l d  d i r e c t i o n ,  and t h e r e f o r e  the ampl i tude  of t h e  a .c .  s i g n a l  gen- 

e r a t e d  i n  the  c o i l  i s  p r o p o r t i o n a l  t o  t h e  component of  t h e  magne t i za t ion  

p a r a l l e l  t o  t h e  f i e l d .  The f i e l d  a t  which the magne t i za t ion  r eve r sed  s i g n  

i s  H 

t y p i c a l  p l o t  i s  shown i n  F i g u r e  4-3. 

I t  was d i r e c t l y  p l o t t e d  on an x-y r e c o r d e r  versus t empera tu re .  A 
C '  

F i g u r e  4-4 shows a ser ies  o f  8 - H  loops a t  d i f f e r e n t  t empera tu res .  These 

l o o p s  g r a p h i c a l l y  i l l u s t r a t e  t h e  changes i n  t h e  sample a s  i t s  t empera tu re  i s  

changed. The d r i v e  f i e l d  f o r  each of  these cu rves  was i d e n t i c a l .  F a r  from 

t h e  compensation p o i n t  t h e  magne t i za t ion  i s  l a r g e s t ,  t h e r e f o r e  t h e  h e i g h t  

of t h e  l o o p  i s  l a r g e s t .  At. t h e  compensation p o i n t  the c o e r c i v e  f o r c e  i s  
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Figure 4-2. Magnetization Versus Temperature of  Three 
Gadolinium Iron Garnet Samples w i t h  
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Figure 4-3. Coercive Force of  Gadolinium 
Iron Garnet 
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F i g u r e  4-4. B-H Loops of Gadolinium I r o n  Garne t  

l a r g e s t ,  and t h i s  i s  r e f l e c t e d  i n  t h e  l a r g e  width o f  cu rve  a t  z e r o  magnetiza- 

t i o n  n e a r  t h e  compensation p o i n t .  

These resu l t s  have an impor t an t  bea r ing  on the t empera tu re  s t a b i l i t y  of 

For  example,  i f  one planned t o  write by h e a t i n g  a b i t  6 O C  above t h e  memory. 

t h e  compensation t empera tu re ,  a f i e l d  of 75 o e r s t e d s  would be r e q u i r e d  t o  

swi t ch  t h e  hea ted  a r e a .  Th i s  f i e l d  would not  a f f e c t  t h e  unheated p o r t i o n  

of t h e  p l a t e l e t  a s  long a s  the t empera tu re  was maintained w i t h i n  6 O C  of the 

compensation t empera tu re .  The s h a r p e r  t h i s  peak i s ,  t h e  more e a s i l y  i t  w i l l  

be t o  write i n  th i s  memory. 

temperature s t a b i l i t y .  I t  i s  f e l t  t h a t  i n  the  e a r l y  pe r iod  of the develop- 

ment  of t h i s  memory, e a s e  of w r i t i n g  supe r sedes  t empera tu re  s t a b i l i t y .  

However, a s h a r p  peak a l s o  r e q u i r e s  b e t t e r  

4.1.3. MAGNETIC ANISOTROPY 

A check on t h e  a l ignment  of  t h e  sample can be made by a magnet ic  an i so -  

The samples should be a l i g n e d  along t h e  [111] d i r e c t i o n .  t r o p y  measurement. 

An a n i s o t r o p y  measurement made by r o t a t i o n  around t h i s  a x i s  should show a 

t h r e e - f o l d  symmetry. 

The l a c k  of t h r e e - f o l d  symmetry d e f i n i t e l y  shows t h a t  i t  was n o t  p r o p e r l y  

o r i e n t e d .  

F i g u r e  4-5 i s  a p l o t  of an a n i s o t r o p y  measurement. 

Subsequent samples were o r i e n t e d  i n  the [ 1111 d i w c t i o n .  
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F i g u r e  4-5. Magnetic Anisotropy of Gadolinium I r o n  Garnet  

4 .2 .  OPTICAL, MEASUREMENTS 

4.2.1. OPTICAL ABSORPTION 

The  optimum wavelength f o r  t h e  o p e r a t i o n  of a magneto-opt ic  memory 
Th i s  depends on both the  Faraday r o t a t i o n  c o n s t a n t  and t h e  a b s o r p t i o n .  

t o p i c  i s  d i s c u s s e d  i n  d e t a i l  under heading 5.1. The essent ia l  resul ts  a r e  

t h a t  t h e  optimum t h i c k n e s s  i s  2/a where a i s  t h e  a b s o r b t i o n  c o n s t a n t  and 

t h a t  t h e  optimum wavelength i s  the  wavelength where p/a i s  maximum where p 
i s  the  Faraday r o t a t i o n  p e r  u n i t  l eng th .  

T h e r e f o r e  measurements of a and p a s  a f u n c t i o n  of  wavelength were 
unde r t aken .  

meter No. 14. Both s i n g l e - c r y s t a l  and p o l y c r y s t a l l i n e  samples were examined, 

and t h e  resul ts  were e s s e n t i a l l y  t h e  same f o r  both samples.  

i s  shown i n  F i g u r e  4-6. 

wave leng ths  l o n g e r  than 7000 Angstroms. For  wavelengths  s h o r t e r  t han  t h i s  

t h e  a b s o r p t i o n  was so l a r g e  t h a t  a d e t e c t a b l e  amount of l i g h t  was not  t r a n s -  

m i t t e d .  

The a b s o r b t i o n  measurements were made w i t h  a Cary spec t ropho to -  

A t y p i c a l  r u n  

The  sample used on ly  p e r m i t t e d  measurements of 

To examine the  r e g i o n  between 5000 Angstroms and 7000 Angstroms, a v e r y  

t h i n  sample was p repa red .  The r e su l t s  a r e  shown  i n  F igu re  4-7. 
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F i g u r e  4-6. O p t i c a l  Absorpt ion of  Gadolinium I r o n  Garnet 

4.2.2. FARADAY ROTATION 

Faraday r o t a t i o n  measurements were made us ing  a helium-neon l a s e r  

s o u r c e .  A schemat i c  drawing of  the s e t u p  i s  shown i n  F i g u r e  4-8. The 

l a s e r  beam i s  chopped a t  90 c y c l e s  per second.  I t  p a s s e s  through a Glan- 

Thompson p o l a r i z e r ,  the sample,  a Glan-Thompson a n a l y z e r ,  and i s  t h e n  de- 

t e c t e d  by a 1P28 p h o t o - m u l t i p l i e r .  

t e c t e d  by a p h o t o - t r a n s i s t o r ,  and t h i s  s i g n a l  i s  used a s  a r e f e r e n c e  s i g n a l  

f o r  t h e  l ock - in  a m p l i f i e r .  I t  i s  a lso used a s  a bucking s i g n a l  i n  the d i f -  

f e r e n c e  a m p l i f i e r  and phase a d j u s t  network and i s  se t  so  t h a t  i n  one of t h e  

p o l a r i z a t i o n  s t a t e s  there i s  no s i g n a l .  

The laser  beam o u t  t h e  back end i s  de- 
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Figure  4-7. Opt ica l  Absorbtion 
o f  GdIG f o r X  between 

5000 and 8000 Angstroms 

FIELD PHOTO- 
PHOTO- COIL MULTIPLIER 

AMPLIFIER TRANSISTOR POLAR1 ZER ANALYZER DETECTOR AMPLIFIER 

LASER 1 I 
MODULATING 

SIGNAL 
(90 CYCLES) 

SAMPLE 

PHASE SHIFTING 
NETWORK 

I 

DIFFERENCE 
AM PLI F I ER 

REFERENCE LOCK-I N 
AMPLl FI ER 
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Addi t iona l  s e n s i t i v i t y  was achieved by d e t e c t i n g  t h e  change i n  t h e  s i g -  

na l  when t h e  e x t i n c t i o n  a x i s  of t h e  ana lyze r  i s  se t  a t  45 degrees  t o  t h e  

plane of p o l a r i z a t i o n  of t h e  l i g h t  i n c i d e n t  on i t  ra ther  than  p a r a l l e l  t o  

i t .  The reason f o r  t h e  improved s e n s i t i v i t y  can be unde r s tood  from t h e  f o l -  

lowing d i s c u s s i o n .  

2 The i n t e n s i t y  o f  p o l a r i z e d  l i g h t  t r a n s m i t t e d  by an a n a l y z e r  i s  I s in  8 .  
0 

where I i s  t h e  i n t e n s i t y  of t h e  i n c i d e n t  l i g h t  and 8 i s  t h e  ang le  between 

t h e  d i r e c t i o n  of  the p o l a r i z a t i o n  of t he  i n c i d e n t  l i g h t  and t h e  e x t i n c t i o n  

a x i s  of t h e  a n a l y z e r .  The ra te  of change of  i n t e n s i t y  w i t h  a r o t a t i o n  of 

t h e  plane of p o l a r i z a t i o n  i s  p r o p o r t i o n a l  t o  t h e  s e n s i t i v i t y  and i s  g iven  

0 

bY 

- d I  = 210sine cos0 = Ios in28  
de 

T h e r e f o r e ,  t h e  maximum s e n s i t i v i t y  occurs  a t  8 = 45 d e g r e e s .  

m e n t  o v e r  s e t t i n g  t h e  a n a l y z e r  a t  t h e  e x t i n c t i o n  ang le  can be very l a r g e .  

The improve- 

We have made Faraday r o t a t i o n  measurements on a number of samples a s  a 

f u n c t i o n  of t h e  t empera tu re .  

f i e l d  of 300 o e r s t e d s  i s  a p p l i e d  momentarily along t h e  d i r e c t i o n  of t h e  i n -  

c i d e n t  l i g h t  t o  a l i g n  t h e  magne t i za t ion .  
i s  zeroed by an out-of-phase s i g n a l  f r o m  a second d e t e c t o r .  A f i e l d  of  10 

o e r s t e d s  o r  20 o e r s t e d s  i s  t h e n  a p p l i e d  i n  t h e  reverse d i r e c t i o n ,  and t h e  

change i n  t h e  o u t p u t ,  which i s  p r o p o r t i o n a l  t o  t h e  change of t h e  Faraday 

r o t a t i o n ,  i s  r eco rded .  These a r e  t h e  s i g n a l s  of in te res t  f o r  memory a p p l i c a -  

t i o n s  ra ther  than t h e  l a r g e r  s i g n a l s  observed w h i l e  t h e  m a g n e t i z a t i o n  i s  

changed from s a t u r a t i o n  i n  one d i r e c t i o n  t o  s a t u r a t i o n  i n  t h e  o t h e r .  

The measurements were made a s  f o l l o w s :  A 

The o u t p u t  o f  the d e t e c t i o n  system 

The resu l t s  of  a t y p i c a l  se t  o f  measurements are shown i n  F i g u r e  4-9. 

From t h e s e  c u r v e s  one can see t h a t  t h e  t empera tu re  s t a b i l i t y  depends on t h e  

magne t i c  f i e l d  used f o r  w r i t i n g .  Wi th  a f i e l d  of 10 o e r s t e d s ,  there was no 

r o t a t i o n  f o r  a range of about 6 C .  For a 20 -oe r s t ed  f i e l d ,  the t empera tu re  

r ange  f o r  which there was no r o t a t i o n  was reduced t o  a b o u t  3 C. 

0 

0 

The equipment d e s c r i b e d  above was d e f i c i e n t  i n  a number of r e s p e c t s .  

F i r s t ,  t h e  maximum f i e l d  t h a t  could be a p p l i e d  was not s u f f i c i e n t  t o  s a t u r a t e  

t h e  sample a t  a l l  t empera tu res .  Second, the a p p l i c a t i o n  of the f i e l d  hea ted  

t h e  sample.  A completc'ly n e w  s e t - u p  has been b u i l d  which r e p l a c e s  the 
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F i g u r e  4-9. Faraday Ro ta t ion  Versus Temperature 
f o r  Two Drive F i e l d s  

He lmho l t z  c o i l s  w i t h  the Varian 4-inch magnet. I n  a d d i t i o n ,  t h e  system 
uses a t u n g s t e n  lamp and a monochromater a s  the l i g h t  sou rce .  The l i g h t  i s  

m e c h a n i c a l l y  chopped by a r o t a t i n g  d i s c  and i s  t h e n  p o l a r i z e d  by a Glan- 

Thompson prism. I t  t h e n  pas ses  through t h e  sample which i s  p o s i t i o n e d  be- 

tween t h e  p o l e s  of a 4-inch Var i an  magnet. The l i g h t  pas ses  through a sec- 

ond Glan-Thompson prism and i s  t h e n  d e t e c t e d .  A p h o t o m u l t i p l i e r  i s  used as 

the d e t e c t o r  f o r  wavelengths l ess  than 9000 Angstroms, and a l e a d  s u l p h i d e  

d e t e c t o r  i s  used f o r  l i g h t  w i t h  a wavelength l a r g e r  t han  9000 Angstroms. 

W i t h  t h e  l a r g e  s i g n a l s  t h a t  a r e  ob ta ined  w i t h  o u r  new samples ,  i t  should not 

be  n e c e s s a r y  t o  use a lock - in  a m p l i f i e r  f o r  d e t e c t i o n .  A complete  s k e t c h  of 

the equipment  i s  shown i n  F igu re  4-10. A s chemat i c  of t h e  a m p l i f i e r  f o r  t h e  

l e a d  s u l p h i d e  and p h o t o m u l t i p l i e r  d e t e c t o r s  i s  shown i n  F i g u r e  4-11, 

surements of the s a t u r a t i o n  Faraday r o t a t i o n  as a f u n c t i o n  o f  t e m p e r a t u r e  

and wavelength have been made w i t h  this equipment.  

Mea- 
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CHOPPER 

F i g u r e  4-10. Faraday Rota t ion .  Measurement Equipment f o r  Large  F i e l d s  

The results f o r  t h e  Faraday r o t a t i o n  measurements a r e  shown i n  F igu re  

I n  F igu re  4-13 we have p l o t t e d  the r a t i o  of the Faraday r o t a t i o n  t o  4-12. 

t h e  a b s o r b t i o n  c o n s t a n t  v e r s u s  wavelength.  

l a r g e  s i g n a l .  

t h e  He-Ne l a s e r  w i t h  an o u t p u t  a t  6330 Angstroms i s  a v e r y  u n d e s i r a b l e  l i g h t  

sou rce  f o r  t h e  GdIG memory. 

7000 Angstroms; t h i r d ,  i f  s m a l l e r  wavelengths a r e  d e s i r a b l e ,  5600 Angstroms 

i s  the b e s t  cho ice .  

A l a r g e  va lue  of $/a y i e l d s  a 

A number of  conc lus ions  can be drawn from t h i s  f i g u r e .  F i r s t ,  

Second, the optimum wavelength i s  longe r  than  

A s m a l l e r  wavelength i s  d e s i r a b l e  because  t h e  optimum t h i c k n e s s  de-  

c r e a s e s  w i t h  a d e c r e a s e  i n  wavelength,  and a t h i n n e r  memory element has  a 

number o f  advantages .  F i r s t ,  t h e  power r equ i r emen t s  f o r  h e a t i n g  d u r i n g  t h e  

w r i t i n g  o p e r a t i o n  a r e  reduced.  Second, t h e  time f o r  a hea ted  b i t  t o  return 

t o  t h e  compensat ion t empera tu re  i s  reduced,  and t h i s  time i s  t h e  lower l i m i t  

f o r  t h e  w r i t i n g  speed.  
segments  i f  i t  i s  t h i n n e r .  

T h i r d ,  i t  i s  e a s i e r  t o  s c r i b e  a sample i n t o  smal l  

After a s u r v e y  of  t h e  a v a i l a b l e  l a s e r ,  we have dec ided  t h a t  an argon 

i o n  l a s e r  o p e r a t i n g  a t  5145 Angstroms i s  t h e  b e s t  cho ice .  Using D i l l o n ' s  re- 

su l t s  f o r  the a b s o r b t i o n  c o e f f i c i e n t  a we f i n d  t h a t  t h e  optimum t h i c k n e s s  f o r  

t h e  o p e r a t i o n  of a memory a t  5145 Angstroms i s  10 microns.  A 10-micron 

t h i c k n e s s  can be achieved  w i t h  our p re sen t  t e c h n i q u e s ,  and i t  seems t o  be a 

r easonah l  e c h o i c e .  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

w 
5: 
c + w c 

:- 

I 6 6 

'e 
I 
I 

--I > 
0 
0 
N 
t 

I 
I 
I 
I 
I 
I 
I 
I ;  
I 2  
I 2  

I 2  
I 
I 
I 
I "  

a 

- 
s 

1: 

- 

Y 

N 
a 
W 
LL 
A a 
I a 
W 
a a 
W 
m 
3 
I- 
O 
I- 
O 

- 
- 

r a 

;li/ 
r, 

4 
0 
/ 
I 

tT 

NO 

I -  
I 
I 
I 
I 
I 
I V 

m - I  
0-I 
a w  



1 2  

1c 

8 

a 6  

4 

2 

0 I 1 I 
5000 6 0 0 0  7000 0000 

(A, 442-8 

F i g u r e  4-12. Faraday Rota t ion  
Versus Wavelength f o r  X 

Between 5000 and 8000 Angstroms 

20 

18 

16 

14 

12 

Qlla 10 

8 

6 

4 

2 

0 I I I 
5000 6000 7000 0000 

x (i) 442-10 

F i g u r e  4-13. @/a Versus 
Wavelength f o r  k Between 
5000 and 8000 Angstroms 

4-12 



4.2.3. OBSERVATION OF DOMAINS 

A s e t u p  which has  been b u i l t  f o r  v i s u a l l y  o b s e r v i n g  domains i n  a g a r -  

net  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  4-14. The l a s e r  i s  not  used i n  t h i s  

s e t u p .  The sample i s  p o s i t i o n e d  between a p a i r  of  Helmoltz  c o i l s  and i s  

6 P O L A R I Z E R  

FOCUSING 
L E N S  

A N A L Y Z E R  

MICROSCOPE 3 9 4 - 7  

A N D  r] 
F i g u r e  4-14. Equipment f o r  

Observing Domains 

mounted on t h e  s t a g e  of a p o l a r i z i n g  microscope. 

sample can be c o n t r o l l e d .  The l i g h t  from a s u n  gun i s  p o l a r i z e d ,  t r a n s m i t t e d  

through the sample,  and t h e n  i n t o  t h e  o b j e c t i v e  of the microscope. Domains 

a r e  c l e a r l y  v i s i b l e  w i t h  t h i s  s e t u p  because the t r a n s m i s s i o n  of t h e  sample 

depends on t h e  d i r e c t i o n  of t h e  m a g n e t i z a t i o n .  There i s  a s p e c t a c u l a r  change 

i n  c o l o r  from red  t o  yel low a s  t h e  domains a r e  swi t ched ,  and t h e  c o n t r a s t  

i s  much b e t t e r  t han  t h a t  of  Kerr E f f e c t  o r  B i t t e r  P a t t e r n  equipment.  

The  t empera tu re  of  t h e  

F i g u r e  4-15 shows some t y p i c a l  black and w h i t e  photographs of t h e  do- 

main c o n f i g u r a t i o n  a f t e r  a l a r g e  f i e l d  i s  a p p l i e d  t o  s a t u r a t e  the sample and 
i s  t h e n  removed. Near t h e  compensation t empera tu re  the domains t end  t o  be 

l a r g e  w h i l e  f a r  from the compensation t empera tu re  the sample b r e a k s  up i n t o  

a compl i ca t ed  maze p a t t e r n .  

4-13  



394-12 

Figure 4-15. Domain P a t t e r n s  Observed by Faraday R o t a t i o n  
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T h e  Compensation temperature and the c o e r c i v e  f o r c e  can be determined 

The f i e l d  necessa ry  t o  s a t u r a t e  t h e  sample (H  1 ,  and w i t h  t h i s  equipment.  

the  m i n i m u m  f i e l d  r e q u i r e d  t o  i n i t i a t e  a r e v e r s e d  domain ( H  1 ,  as a f u n c t i o n  
of t empera tu re ,  i s  shown i n  t h e  fo l lowing  t a b l e .  

S 

C 

I t  can be seen t h a t  a t  
t h e  compensation t empera tu re  (19 0 C f o r  t h i s  sample) t h e  c o e r c i v e  f o r c e  i s  a 

maximum and i s  e q u a l  t o  140 o e r s t e d s .  

Temperature  
( O C )  
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30 

60 
70 

140 

40 

40 

20 

A t  t h e  compensation t empera tu re  the f i e l d  t o  s a t u r a t e  t h e  sample i s  a l s o  a 

maximum. 

4.2.4.  OBSERVATION OF A BIT 

Equipment h a s  been b u i l t  f o r  t h e  o b s e r v a t i o n  of a b i t  and i s  shown 

s c h e m a t i c a l l y  i n  F i g u r e  4-14. 

t e m p e r a t u r e  of  the sample i s  maintained a t  t he  compensation p o i n t .  
ne t ic  f i e l d  l a r g e  enough t o  s a t u r a t e  the sample p e r p e n d i c u l a r  i s  a p p l i e d .  

The s a t u r a t i o n  can be observed by viewing the sun-gun l i g h t  t r a n s m i t t e d  

through t h e  sample. 

o e r s t e d s  i s  a p p l i e d .  T h i s  f i e l d  i s  n o t  l a r g e  enough t o  i n i t i a t e  a r e v e r s e d  

domain f o r  m a t e r i a l  whose t empera tu re  i s  maintained nea r  t h e  compensation 

p o i n t .  
which i s  h e a t e d  about 5 d e g r e e s  above t h e  compensation t empera tu re .  

a r e a  ( a p p r o x i m a t e l y  10 microns)  i s  heated by a 1 0 - m i l l i w a t t  helium-neon 

The procedure used i s  the f o l l o w i n g :  The 

A mag- 

After the sainple i s  s a t u r a t e d ,  a reverse f i e l d  of 20 

However, i t  w i l l  f l i p  t h e  magne t i za t ion  of t h a t  p o r t i o n  of the sample 
A sma l l  
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l a s e r .  The f l i p p e d  r e g i o n  can be d e t e c t e d  by a change i n  the i n t e n s i t y  of 

the l i g h t  from t h e  sun-gun t r a n s m i t t e d  through t h e  f l i p p e d  r eg ion .  A ca l cu -  

l a t i o n  of t h e  r e q u i r e d  i n t e n s i t y  and time of t h e  l a s e r  p u l s e  has  been made 

and i s  p r e s e n t e d  under heading 5.2. 

Using t h e  procedure d e s c r i b e d  above, we were a b l e  t o  swi t ch  sma l l  re- 

g i o n s  of t h e  p l a t e l e t  and  observe t h e  switched a r e a .  However, t h e  s m a l l e s t  

a r e a  t h a t  can be switched on a cont inuous p l a t e l e t  i s  about 10 -2cen t ime te r s .  

A l s o ,  t h e  s ize  and shape of  the switched r e g i o n  cou ld  not  be c o n t r o l l e d .  

Thus, the maximum packing d e n s i t y  of a con t inuous  p l a t e l e t  i s  severely 
1 i m i  t e d  . 

The f o l l o w i n g  d i s c u s s i o n  e x p l a i n s  t h e  l a r g e  m i n i m u m  s i z e  of  a b i t  on a 

con t inuous  sheet. 

Cons ide r  a p o r t i o n  of t h e  sample of t h i c k n e s s  t and r a d i u s  r w h i c h  has  
, 

been h e a t e d  above t h e  compensation t empera tu re  s o  t h a t  i t  has  a m a g n e t i z a t i o n  

M. An a p p l i c a t i o n  of a f i e l d  H i n  t h e  d i r e c t i o n  o p p o s i t e  t o  t h a t  of the 

m a g n e t i z a t i o n  w i l l  tend t o  r o t a t e  the magne t i za t ion  of the hea ted  p o r t i o n  of 
I 

I 
I 

t h e  sample.  A 180' r o t a t i o n  of t h e  magne t i za t ion  reduces the  energy of the I 
2 sample 2MHV = 2MHm t ,  where V i s  t h e  v o l u m e  of t h e  sample and r i s  the  r a d i u s  

of t h e  swi t ched  r eg ion .  There i s  another  energy change;  a domain w a l l  i s  
formed between t h e  swi t ched  r eg ion  and unswitched r e g i o n s ,  and i t s  p re sence  

i n c r e a s e s  t h e  energy of t h e  sample. The ene rgy  of t h e  w a l l  i s  CA = C 2 ~ r r t  

where C i s  t h e  w a l l  ene rgy  per u n i t  a r e a  and A i s  t h e  a r e a  of  the w a l l .  For 

e x t r e m e l y  sma l l  a r e a s  t he  i n c r e a s e  i n  energy from t h e  c r e a t i o n  of t h e  domain 

w a l l  would be l a r g e r  than t h e  d e c r e a s e  i n  magnet ic  ene rgy ,  and t h e r e f o r e  I I 
t h e  m a g n e t i z a t i o n  i s  no t  swi t ched .  The m i n i m u m  s i z e  of a b i t  i s  t h e  va lue  

O f  r f o r  which the w a l l  ene rgy  e q u a l s  the magnet ic  energy.  

2 277-1- tMH = 2~rrt .Z 

G 
MH 

r = -  

1 The w a l l  ene rgy  has  been e s t ima ted  from the r e l a t i o n  

I C .  K i  t t c l ,  Rev.  Mod P h y s .  2, 541 ( 1949). 
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where K i s  t h e  a n i s o t r o p y  energy  and A i s  t h e  exchange energy ,  and wqs 

found t o  be 0.13 ergs/cm . 
M ,  w h i c h  cor responds  t o  h e a t i n g  t h e  sample 5OC above t h e  compensation tem- 
p e r a t u r e ,  a v a l u e  of 20 oe f o r  H ,  and we f i n d  t h a t  t h e  m i n i m u m  r a d i u s  of a 

b i t  i s  about 6 x centimeters. This conclus ion  i s  i n  e x c e l l e n t  agree-  
ment with our  e x p e r i m e n t a l  results.  

2 To e s t i m a t e  r ,  we assume a va lue  of 1 g a u s s  f o r  

I 

I t  i s  c l e a r  from t h e  above t h a t  domain w a l l s  m u s t  be e l i m i n a t e d  t o  

achieve  a h i g h  packing d e n s i t y ,  and t h i s  has  been done by s e p a r a t i n g  the b i t s .  

Square segments have been made by s c r i b i n g  t h e  GdIG wafer  w i t h  a diamond 

s t y l u s .  The procedure f o r  prepar ing  samples i s  d e s c r i b e d  i n  d e t a i l  under  
heading 3.3. I t  has  been found t h a t  switched r e g i o n s  a r e  l i m i t e d  by t h e  

s c r i b e  l ines i f  the cu ts  a r e  deep  enough. F i g u r e  4-16 shows a smal l  p o r t i o n  
of a sc r ibed  GdIG p l a t e l e t  t h a t  has  been switched.  The s i z e  of t h e  s q u a r e  

i s  25 microns.  

F i g u r e  4-16. P o r t i o n  of S c r i b e d  GdIG P l a t e l e t  
That Has Been Switched 
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SECTION 5 

THE0 RET I C  AL 

5.1.  OPTIMUM THICKNESS AND WAVELENGTH 

The optimum thickness of samples f o r  obse rv ing  changes i n  t h e  Faraday 

r o t a t i o n  was determined a s  f o l l o w s .  T h e  s i g n a l  observed i s  

I = I 0 e -a t s in2 (p t )  

where a i s  t h e  o p t i c a l  a b s o r p t i o n  c o n s t a n t ,  and p i s  t h e  r o t a r y  power, and 

t i s  t h e  th ickness  of t h e  sample. We op t imize  t h i s  by s e t t i n g  the d e r i v a -  

t ive  w i t h  r e s p e c t  t o  t e q u a l  t o  z e r o  

2 - _  d1 - I e-at [-asin ( p t )  + 2 p s i n p t c o s g t l  = o 
d t  0 

a s i n p t  = 2$cosp t  

f o r  p t  << 1 

T h e r e f o r e  t h e  optimum t h i c k n e s s  i s  one which reduces t h e  i n t e n s i t y  of t h e  

i n c i d e n t  l i g h t  by a f a c t o r  of  e . -2  
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We now c o n s i d e r  a and B a s  f u n c t i o n s  of the wavelength,  and f i n d  t h e  

c o n d i t i o n  f o r  maximizing the i n t e n s i t y  w i t h  r e s p e c t  t o  v a r i a t i o n s  of wave- 

l eng th  i s  

d x  

I f  we l e t  the thickness have i t s  optimum v a l u e ,  f ,  t h e  e x p r e s s i o n  can be 

s i m p l i f i e d  t o  

Th i s  c o n d i t i o n  i s  e q u i v a l e n t  t o  r e q u i r i n g  t h a t  p/a be  an extremum, and i t  i s  

e a s y  t o  show t h a t  i t  m u s t  be a maximum. 

5.2.  POWER REQUIREMENTS OF HEATING SOURCE FOR WRITING 

For a f l a t  p l a t e  w i t h  a high t empera tu re  i n  a r e g i o n  n e a r  p = 0 a t  time 
CQ 

t = 0 such t h a t  T ( p )  pdp = K ,  t h e  t empera tu re  a t  l a t e r  times a t  a d i s -  

t a n c e  p from t h e  i n i t i a l  high t empera tu re  p o i n t  i s  g iven  by 1 0 

K 
2 T ( p , t )  = 7 exp 

2a t 4a  t 

For  g a r n e t s ,  the thermal c o n d u c t i v i t y ,  k ,  i s  approximately where a2 = s. 
1.5 x 10- cal/sec-cm-deg; t h e  d e n s i t y ,  d ,  i s  5.17 g/cm ; and the  s p e c i f i c  

h e a t ,  c ,  i s  0 . 2  cal /g-deg.  Th i s  y i e l d s  a v a l u e  of a2 = 1.4 x lo-* cm /sec.  

Note t h a t  the  t empera tu re  T i s  the d e v i a t i o n  from t h e  i n t i a l  t empera tu re  of 

t h e  p l a t e .  For  t h i s  v a l u e  of a 

k 
2 3 

2 

2 

'Margenau, 1 4 .  and Murphy, G.M., The Mathematics o f  P l l y S i C S  and Chemistry,  
Vol.  1 ( P r i n c e t o n ,  N. J . :  D.  Van Nostrand and C O . ,  I n c . ,  1943) .  p.  241. 
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dT 
d t  The c o n d i t i o n  - = 0 determines the maximum tempera tu re  and y i e l d s  t h e  

r e l a t i o n  

-3  
T h e r e f o r e ,  t h e  maximum tempera tu re  a t  a d i s t a n c e  of 10 c e n t i m e t e r s  

from t h e  l a s e r  beams o c c u r s  18 microseconds a f t e r  t h e  l aser  p u l s e .  F i g u r e  

5-1 i s  a p l o t  of t h e  t empera tu re  as a f u n c t i o n  of t h e  d i s t a n c e  from t h e  

I h e a t i n g  beam. T h i s  i s  p l o t t e d  f o r  t = 9 ,  18. 36,  and 54 microseconds.  

I- 

t = 9 pSEC 2 
in 2 0  

F i g u r e  5-1. Temperature versus D i s t a n c e  
f o r  a Few D i f f e r e n t  Times 
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The above e q u a t i o n  can a l s o  be app l i ed  t o  t h e  more r e a l  

a l a s e r  beam w i t h  a g a u s s i a n  s p a t i a l  i n t e n s i t y  d i s t r i b u t i o n .  

d i s t r i b u t i o n  i s  g a u s s i a n  w i t h  t h e  l/e p o i n t  a t  a r a d i u s  of  r 

p e r a t u r e  a t  l a t e r  times i s  

s t i c  c a s e  of 

I f  t h e  i n i t i a l  

t h e n  the  tem- 

36' exp [- l i p 2  ] 
18r + t 2 18r + t 

T =  

The f a s t e s t  and most e f f i c i e n t  method of  h e a t i n g  a r e g i o n  i s  t o  use a 

h e a t i n g  beam w i t h  a l/e p o i n t  approximately e q u a l  t o  t h e  r a d i u s  of t h e  r e g i o n  

t o  be hea ted .  The power leve l  m u s t  be high enough s o  t h a t  the h e a t i n g  time 

i s  s m a l l  compared t o  t h e  c h a r a c t e r i s t i c  d i f f u s i o n  t i m e ,  18 r , where r i s  

the r a d i u s  of the r e g i o n  t o  be h e a t e d .  

c o n d i t i o n s  can be estimated a s  f o l l o w s :  

2 

The l a s e r  power r e q u i r e d  under these 

The v a l u e  of K was determined from t h e  c o n d i t i o n  t h a t  s" T(p)pdp = K 
0 Pt where P i s  t h e  power abso rbed ,  t i s  l e n g t h  of time i t  to be 

i s  abso rbed ,  c ,  d, and w a r e  t he  s p e c i f i c  h e a t ,  t h e  d e n s i t y ,  and the t h i c k -  
= 2 4.186 cdw 

ness of t h e  p l a t e l e t ,  r e s p e c t i v e l y .  For GdIG, K = 3.7 x 10-'Pt. 
W 

The t empera tu re  a t  l/e p o i n t  i s  

T = -  36K e- l  = 2.7 x 10 - 2  p.r 
r w  2 18r 

where P i s  t h e  absorbed power, T i s  the l e n g t h  of t h e  l a s e r  pu lse ,  w i s  t h e  

t h i c k n e s s  of  t h e  sample,  and r i s  t h e  r a d i u s  of t h e  b i t .  

of 1 C i s  adequate  f o r  w r i t i n g  purposes ,  and us ing  t h i s  va lue  and r = 10 
-3  cm, w = 10 cm and 2 = 5 microseconds,  we f i n d  t h a t  P = 7 m i l l i w a t t s .  

T h i s  i s  t h e  absorbed power r e q u i r e d  t o  r a i s e  t h e  average t empera tu re  1 C .  

The t empera tu re  a t  t h e  back s i d e  of the sample i s  approximately 1/5 o f  the 

ave rage  t e m p e r a t u r e ,  and t h e r e f o r e  about 35 m i l l i w a t t s  a r e  r e q u i r e d  t o  h e a t  

t h e  e n t i r e  r e g i o n  of in te res t  a t  l e a s t  1 C .  Of c o u r s e  there a r e  l o s s e s  i n  

t h e  d e f l e c t i o n  system, p o l a r i z e r s ,  e t c .  We t h e r e f o r e  conclude t h a t  a 100 

m i l l i w a t t  l a s e r  i s  needed f o r  t h e  s i z e  b i t s  t h a t  we have chosen. 

A t empera tu re  change 
0 -3  

0 

0 

I t  would be p o s s i b l e  t o  d e c r e a s e  the  time f o r  h e a t i n g  by us ing  a l a r g e r  

l a s e r .  However, such an i n c r e a s e  would not  have a s i g n i f i c a n t  a f f e c t  on  

t h e  random w r i t i n g  Spec?d. The  random w r i t i n g  speed !xi11 be determined by 
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t h e  time r e q u i r e d  f o r  s u f f i c i e n t  h e a t  t o  d i f f u s e  o u t  of t h e  r eg ion  so t h a t  

i t  cannot  be switched by the next  magnetic f i e l d  pulse.  An examinat ion of 

F i g u r e  5-1 shows t h a t  t h i s  time i s  approximately 36 microseconds f o r  a b i t  

w i t h  a r a d i u s  of 10 microns.  

i n c r e a s i n g  t h e  random w r i t i n g  speed i s  by d e c r e a s i n g  t h e  r a d i u s  of t h e  b i t .  

A d e c r e a s e  i s  d i f f i c u l t ,  b u t  i t  o f f e r s  a l a r g e  bonus. An i n c r e a s e  i n  t h e  

w r i t i n g  speed ,  a d e c r e a s e  i n  the l a s e r  power r e q u i r e d ,  and an i n c r e a s e  i n  

packing d e n s i t y .  The d i f f u s i o n  time can be s l i g h t l y  dec reased  by us ing  a 

s u b s t r a t e  w i t h  a l a r g e  d i f f u s i o n  c o n s t a n t .  T h e r e f o r e ,  q u a r t z  s u b s t r a t e s  

shou ld  be used t o  s u p p o r t  the GdIG p l a t e l e t .  

The on ly  p r a c t i c a l  method of s i g n i f i c a n t l y  

When one i s  w r i t i n g  a l a r g e  number of b i t s  s e q u e n t i a l l y ,  t h e  w r i t i n g  

speed can be s i g n i f i c a n t l y  i n c r e a s e d  by w r i t i n g  a l l  t h e  "zeros"  a t  one time, 

w a i t i n g  35 microseconds,  and t h e n  w r i t i n g  a l l  t h e  "ones". 

w r i t i n g  speed i s  e s s e n t i a l l y  determined by t h e  time t o  h e a t  a b i t  and t h i s  

cou ld  e a s i l y  be reduced t o  a few microseconds.  

I n  t h i s  c a s e  t h e  



SECTION 6 

FEASIBILITY MODEL 

ANALYZER 
GLAN- FOCUSING STORAGE 

LENS MEDIUM THOMPSON 
POLARIZER 

6.1. GENERAL, FEATURES OF MODEL 

A sys tem t o  demons t r a t e  t h e  f e a s a b i l i t y  of the GdIG memory has  been 

des igned  and b u i l t .  F i g u r e  6-1 i s  a s i m p l i f i e d  b lock  d iagram o f  t h e  system. 

PHOTO- 

TUBE 
MU LTlPLl E R AMPLIFIER 

HELMHOLTZ 
COILS 

INTENSITY 
MODULATION 

MODULATOR 

394-9 

TIMING 
PULSE 

FLIP-FLOP el 
F i g u r e  6-1. Block Diagram of System 

The l a s e r  l i g h t  s o u r c e  provides  both t h e  h igh  power write ( h e a t )  pu l se  

and t h e  low power r ead  pu l se .  These high and low power l i g h t  p u l s e s  a r e  

o b t a i n e d  from the  common l a s e r  sou rce  by i n t e n s i t y  modula t ion  o f  the beam. 

The l a s e r  beam passes  through a Glan-Thompson p o l a r i z e r  and then  through 

t h e  sample.  A p a i r  of Hemholtz c o i l s  provide  t h e  means of app ly ing  the 

magne t i c  write p u l s e  f i e l d  which i s  app l i ed  c o i n c i d e n t  wi th  t h e  l a s e r  write 

( h e a t )  p u l s e .  

i s  t h e n  passed  through a Glan-Thompson a n a l y z e r .  The a n a l y z e r  i s  p o s i t i o n e d  

a t  an a n g l e  o f  45 d e g r e e s  wi th  r e s p e c t  t o  t h e  e x t i n c t i o n  ang le .  Th i s  pos i -  

t i o n i n g  o f  the a n a l y z c r  i s  d e s i r a b l e  s i n c e  t h i s  ang le  r f l p r e s c n t s  the p o s i t i o n  

of maximum s c n s i t i v i t j .  

The t r a n s m i t t e d  l i g h t  beam emerging from t h e  s t o r a g e  medium 

Th i s  p o s i t i o n i n g  of  t h e  a n a l y z e r  do(-s p r e s e n t  the  
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problem of  a s t e a d y  background i l l u m i n a t i o n  wi th  changes o c c u r r i n g  about 

t h i s  c o n s t a n t  level.  For  p rope r  o p e r a t i o n  of t h e  AND g a t e  i t  i s  necessa ry  t o  

provide a s u i t a b l e  bucking s i g n a l  from t h e  laser  s o u r c e  and add i t  d i f f e r -  

e n t i a l l y  t o  t h e  background s i g n a l  i n  a d i f f e r e n t i a l  a m p l i f i e r  p reced ing  t h e  

g a t e .  The o u t p u t  s i g n a l  from t h e  a m p l i f i e r  i s  a p p l i e d  t o  one i n p u t  of t h e  

AYD g a t e  and t h e  s i g n a l  t o  t h e  remaining i n p u t  i s  provided by a t iming  p u l s e .  

The s i m u l t a n e o u s  p re sence  of a t iming  pulse and a h igh  level o u t p u t  s i g n a l  

a t  t h e  AND g a t e  r e p r e s e n t s  the s t o r a g e  of  a 1 ,  whereas t h e  s imul t aneous  

p re sence  of a t i m i n g  p u l s e  and a l o w  l e v e l  o u t p u t  s i g n a l  r e p r e s e n t s  t h e  

s t o r a g e  o f  a 0. The o u t p u t  of t h e  AND g a t e  i s  used t o  set  a f l i p - f l o p .  

The  p o s i t i o n i n g  of t h e  s t o r a g e  m e d i u m  w i l l  be accomplished by mechan- 

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

s lo - syn  d.c .  s t e p p i n g  motor.  The d . c .  s t e p p i n g  motor i s  capab le  of r o t a t i n g  

i n  d i s c r e t e  s t e p s  of 1.8 d e g r e e s .  S ince  one complete  r o t a t i o n  of t h e  micro- 

meter head on t h e  m i c r o p o s i t i o n e r  r e p r e s e n t s  a l i n e a r  t r a n s l a t i o n  of 0 .025 

inch i t  i s  p o s s i b l e  t o  move the s t a g e  i n  s teps  of 0 .125  m i l .  

6 .2.  SELECTION OF MEMORY BIT 

The l a s e r  beam i s  p o s i t i o n e d  a t  the d e s i r e d  s t o r a g e  b i t  by mechanical 

t r a n s l a t i o n  of  t h e  memory a r r a y  c r y s t a l .  The c r y s t a l  i n  i t s  mounting 

assembly i s  a f f i x e d  t o  an x-y-z m i c r o p o s i t i o n e r .  By a d j u s t i n g  t h e  x and y 
c o n t r o l s  o f  t h e  p o s i t i o n e r ,  the  l a s e r  beam can be p o s i t i o n e d  t o  any d e s i r e d  

l o c a t i o n  on the c r y s t a l .  The z c o n t r o l  f a c i l i t a t e s  f o c u s i n g  of t h e  l a s e r  

beam on t h e  c r y s t a l .  The p o s i t i o n e r  can be d r i v e n  by a s tep  s e r v o  motor i n  

e i ther  the  p o s i t i v e  o r  n e g a t i v e  d i r e c t i o n s  i n  increment  of 0.001". t h u s  

p r o v i d i n g  a c c e s s  t o  o t h e r  s t o r a g e  b i t s  a t  the  chosen y v a l u e .  

The l a s e r  beam i s  focused  on to  the memory s t o r a g e  plane through a 21 X 

Bausch and Lomb microscope o b j e c t i v e .  The l i g h t  pas s ing  through t h e  c r y s t a l  

i s  t h e n  c o l l i m a t e d  by a n o t h e r  21 x o b j e c t i v e ,  d i r e c t e d  through t h e  a n a l y z e r  

o n t o  t h e  photocathode of an RCA C 7 0 0 3 8 D  p h o t o m u l t i p l i e r  t ube .  The two 21 x 
microscope o b j e c t i v e s  a r e  mounted on a screw l ead  c o n t r o l l e d  s l i d e s  which 

f a c i l i t a t e  t h e  f o c u s i n g  o f  t h e  l a s e r  beam. F i g u r e  6 - 2  shows t h e  mechanical  

a r r angemen t  of the lens, p o l a r i z e r  and a n a l y z e r ,  Helmholtz  c o i l s ,  memory 

p l a n e  c r y s t a l ,  s t e p  s e r v o  motor ,  and x-y-z p o s i t i o n e r .  
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6 .3 .  TEMPERATURE CONTROL OF MEMORY ELEMENT 

The GdIG p l a t e l e t  m u s t  be k e p t  a t  t h e  compensation t empera tu re  d u r i n g  

memeory o p e r a t i o n .  We have designed and b u i l t  equipment t o  do t h i s .  The 

h e a r t  of t h e  equipment i s  a b i s m u t h - t e l l u r i d e  t h e r m o e l e c t r i c  hea t  pump. I t  

can h e a t  o r  c o o l  t h e  sample depending on t h e  d i r e c t i o n  of the c u r r e n t  through 

i t .  The current s u p p l i e d  t o  t h e  d e v i c e  i s  an i n v e r s e  f u n c t i o n  of the de- 

v i a t i o n  of  the t empera tu re  from t h e  compensation t empera tu re .  Thus o v e r -  

s h o o t i n g  and hun t ing  i s  avoided. 

A schemat i c  diagram of t h e  t empera tu re  c o n t r o l  u n i t  i s  shown i n  F i g u r e  

6 - 3 .  The v a l u e s  of R1 and R2 are chosen so t h a t  the t h e r m i s t e r ,  which i s  i n  

t he rma l  c o n t a c t  w i t h  t h e  sample,  i s  k e p t  a t  the compensation t empera tu re  a t  

the  q u i e s c e n t  level  of the feedback system. The therrnister's r e s i s t a n c e  

depends on  t h e  t empera tu re .  A t  t empera tu res  above the compensation p o i n t ,  

the  R1, R2, and thermister combination s u p p l i e s  s u f f i c i e n t  current t o  Q . ,  t o  

o v e r d r i v e  t h e  a m p l i f i e r  (Q l ,  Q2,  Q 3 > .  

and t h e  h e a t  pump r e c e i v e s  approximately 2 amperes of c u r r e n t .  As the 

sample i s  coo led ,  the i n t e r n a l  r e s i s t a n c e  of t h e  t h e r m i s t e r  i n c r e a s e s  the reby  

d e c r e a s i n g  t h e  d r i v i n g  c u r r e n t .  The process  c o n t i n u e s  u n t i l  the  q u i e s c e n t  

c u r r e n t  l eve l  i s  reached a t  which level t h e  thermister i s  maintained a t  t h e  

T h i s  o v e r d r i v e  s a t u r a t e s  Q, and Q, 
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F i g u r e  6-3. Temperature C o n t r o l  U n i t  

compensat ions t empera tu re .  The t empera tu re  of t h e  sample can be c o n t r o l l e d  

t o  0 . 0 5 O C  w i t h  o u r  s e t u p .  

I n  the t e s t i n g  p rocedure  t h e  ou tpu t  s i g n a l  from t h e  p h o t o m u l t i p l i e r  i s  

a m p l i f i e d  and a p p l i e d  t o  one i n p u t  o f  an AND g a t e ;  t h e  o t h e r  i n p u t  t o  t h e  

AND g a t e  i s  t h e  r ead  i n t e r r o g a t e  pulse .  The  s imul t aneous  occur rence  of a 

high s i g n a l  from t h e  a m p l i f i e r  ( s t o r e d  "1") and t h e  r ead  i n t e r r o g a t e  p u l s e  

a t  the  AND g a t e  w i l l  g e n e r a t e  a s e t  pu l se  a t  the  f l i p - f l o p  which i n  t u r n  

w i l l  d r i v e  an i n d i c a t o r .  

( s t o r e d  " 0 " )  a t  t h e  g a t e  i n  con junc t ion  w i t h  t h e  r ead  i n t e r r o g a t e  p u l s e  w i l l  

no t  se t  t he  f l i p - f l o p .  

The occur rence  of a low s i g n a l  from t h e  a m p l i f i e r  

The memory program c o n s i s t s  of w r i t i n g  a "1" and t h e n  performing n 

r e a d  o p e r a t i o n s ,  fo l lowed  by t h e  w r i t i n g  of  an "0" and an a d d i t i o n a l  n read 

o p e r a t i o n .  The memory p l ane  can t h e n  be indexed t o  the next  memory p o s i t i o n  

and t h e  program r e p e a t e d .  

6.4. AMPLITUDE MODULATION OF "HE LASER BEAM 

Two methods of  modulat ing the l a s e r  beam have been i n v e s t i g a t e d :  i n -  

t e r n a l l y  a t  the RF exc i te r  o r  by an e x t e r n a l  r e t a r d a t i o n  c e l l  Model 320 made 

by S p e c t r o  P h y s i c s ,  Mountain V i e w ,  C a l i f o r n i a .  E x t e r n a l  modulat ion was 

chosen because  i n t e r n a l  modulat ion was n o i s i e r .  T h e  e l e c t r o n i c s  necessa ry  t o  

o p e r a t e  the modulator  have been designed and b u i l t  and the  schemat i c  d i a -  

grams of the c i r c u i t r y  i s  shown i n  F igu re  6-4. The c i r c u i t s  p r e v i o u s l y  re- 
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F i g u r e  6-4. Drive C i r c u i t r y  f o r  t h e  Modulator 

po r t ed  i n  Monthly L e t t e r  Report  No. 11 were no t  s a t i s f a c t o r y .  

w i l l  o p e r a t e  a t  r a t e s  up t o  100 KHz w i t h  up  t o  80 p e r c e n t  modula t ion .  

The equipment 

The Model 320 Modulator has  a s  i t s  e s s e n t i a l  component a v o l t a g e  v a r i a b l e  

r e t a r d a t i o n  c e l l  based on the P o c k e l ' s  e f f e c t ,  which i s  c a p a b l e  of  r o t a t i n g  

t h e  p l a n e  o f  p o l a r i z a t i o n  of l i n e a r l y  p o l a r i z e d  l i g h t .  The c e l l  i s  combined 

wi th  a q u a r t e r  wave p l a t e  and a p o l a r i z i n g  pr ism.  When there i s  no v o l t a g e  

a p p l i e d  a c r o s s  the  r e t a r d a t i o n  c e l l  (KDP), the c r y s t a l  i s  o p t i c a l l y  u n i a x i a l ,  

and t h e  p l a n e  of  p o l a r i z a t i o n  of the l i g h t  i s  no t  a f f e c t e d .  When a v o l t a g e  

i s  a p p l i e d ,  t h e  c r y s t a l  becomes b i a x i a l ,  and t h e  p l ane  of  p o l a r i z a t i o n  i s  
r o t a t e d .  

The q u a r t e r  wave p l a t e  and p o l a r i z i n g  pr ism a r e  keyed t o  p rope r  o r i e n t -  

a t i o n  w i t h  the r e t a r d a t i o n  c e l l .  When no v o l t a g e  i s  a p p l i e d ,  the o p t i c a l  

power i s  one h a l f  the i n p u t  power. When the p o s i t i v e  v o l t a g e  which r o t a t e s  
t h e  p l a n e  45' (V,,,) i s  a p p l i e d  t h e  power output  i s  maximum. Nhen -V x/4 i s  
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a p p l i e d ,  t h e  o u t p u t  i s  minimum. T h i s  i s  shown i n  F i g u r e  6 - 5 .  We have  found 

t h a t  U i s  about  800 v o l t s .  
/4 
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F i g u r e  6-5. Power Output  o f  Modulator  
a s  a Func t ion  of Vo l t age  

6.5. TESTING PROCEDURE 

A d e t a i l e d  b lock  d iagram of t h e  t e s t i n g  sys tem i s  shown i n  F i g u r e  6-6. 

The t iming  diagram f o r  t h e  demonst ra t ion  sys tem i s  shown i n  F i g u r e  6-7.  The 
laser  power f o r  r e a d i n g ,  Pr,  and w r i t i n g ,  Pw, t h e  l e n g t h  of t h e  l a s e r  write 

p u l s e ,  and t h e  ampl i tude  and l e n g t h  o f  t h e  magnet ic  pu l se  a r e  a d j u s t a b l e .  

The c l o c k  ra te  o f  t h e  sys tem i s  v a r i a b l e  i n  f o u r  s t e p s :  500 Hz, 1 KHz, 

5 KHz, and 10 KHz. Schemat ic  d iagrams of t h e  c lock  and a s s o c i a t e d  c i r c u i t r y  

have been  inc luded  i n  Monthly L e t t e r  Report  No. 11 and a r e  n o t  r e p e a t e d  h e r e .  

Also i n c l u d e d  i n  t h a t  r e p o r t  i s  schemat ic  diagram of  t h e  Helmol tz  c o i l  d r i v e  

c i r c u i t r y ,  and a d e s c r i p t i o n  of  t h e  c o i l  

6.6. RESULTS OF TEST PROGRAMS 

The r e s u l t s  of  the t e s t  program have demonst ra ted  t h e  g e n e r a l  f e a s i b i l i t y  

of  a GdIG memory. I t  has  a l s o  uncovered a number o f  problems which s t i l l  

re qu i re s o l u t i o n .  

We have found t h a t  one can write i n t o  the sample by h e a t i n g  i t  w i t h  a 

l a s e r  beam and s imul t aneous ly  apply ing  a f i e l d .  W i t h  t h e  10 m i l l i w a t t  l a s e r ,  

and 25 oe  f i e l d ,  t h e  m i n i m u m  time f o r  w r i t i n g  on a p l a t e l e t  about  50 microns 

t h i c k  was 1 m i l l i s e c o n d .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  o u r  c a l c u l a t i o n  
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F i g u r e  6-6 .  Block Diagram of  T e s t i n g  System 

( h e a d i n g  4 . 3 )  of h e a t i n g  time. 
the r e a d i n g  o p e r a t i o n ,  b u t  i t  c e r t a i n l y  exceeds  1 MHz. The d i f f e r e n c e  i n  

s i g n a l  from t h e  p h o t o m u l t i p l i e r  f o r  a "0" and "1" was 1/2 v o l t  w i t h  a s i g n a l -  

t o - n o i s e  r a t i o  g r e a t e r  than 10. 

We have not  determined the ultimate speed o f  

We have used a t h i c k e r  p l a t e l e t  than t h e  i d e a l  v a l u e  because l a r g e r  

r o t a t i o n s  were r e q u i r e d .  

p r e s e n c e  of  the s c r i b e  l ines .  L i g h t  passes  through t h e  s c r i b e  l ines  and 

caused a high background l e v e l ,  w h i c h  i n  t u r n  n e c e s s i t a t e d  the  l a r g e r  
Faraday r o t a t i o n  s i g n a l s .  

o t h e r  problems. 

and t h e r e f o r e  the bi t .s  were n o t  l i m i t e d  t o  one s q u a r e .  
t y p i c a l l y  three o r  f o u r  b i t s  were switched a t  one time w i t h  t h e  t h i c k e r  

samples.  

Th i s  need f o r  l a r g e r  r o t a t i o n s  a r o s e  because of  the 

T h e  e x t r a  t h i c k n e s s  of the sample in t roduced  

The  s c r i b e  l ines d i d  not  c u t  completely through t h e  samples ,  

We found t h a t  
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F i g u r e  6 - 7 .  Timing Diagram 

lye have not so lved  t h i s  problem a t  t h i s  time. B u t  t h e  method of 

s o l u t i o n  i s  c l e a r  and r e a l i z a b l e .  The  l i g h t  which p a s s e s  through t h e  s c r i b e  

l ines  m u s t  be e l i m i n a t e d .  Th i s  can be done by e i the r  focus ing  the l a s e r  beam 

t o  a s m a l l  d i a m e t e r  o r  by making the c racks  opaque. A beam expander  can 

d e c r e a s e  t h e  s i z e  of t h e  focused beam s i g n i f i c a n t l y .  The  s c r i b e  marks can 

be made opaque by f i l l i n g  t h e m  w i t h  an i n k y  f l u i d .  E f f o r t s  t o  do t h i s  have 

been i n i t i a t e d .  

I f  t h e  l i g h t  from s c r i b e s  i s  e l i m i n a t e d ,  t h i n n e r  samples w i l l  provide 

adequa te  s i g n a l s  and i t  w i l l  be p o s s i b l e  t o  s c r i b e  completely through the 

sample.  A l so ,  o p e r a t i o n  w i t h  an argon ion  l a s e r  w i l l  resul t  i n  l a r g e r  

s i g n a l s  and t h e r e b y  ease a l l  these problems. 
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