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ABSTRACT 

tion  and  the  direct  observation  of  the  remanent  magnet- 
ization  of  a  real  tape,  the  authors  discussed  the ob- 
stacles  which  are,  and  will  be,  encountered  in  attain- 
ing  a  higher  recording  densities  with  the  present mag- 
netic  recording  system,  which  uses  mainly  a  longitudi- 
nal  magnetization  mode.  Then  the  properties  of  the 
three  magnetization  modes  (longitudinal,  circular,  and 
perpendicular)  are  compared.  The  mode  transformation 
is  also  discussed.  Finally  a  new  perpendicular  mag- 
netic  recording  system  is  proposed  for  high  density 
recording.  And  some  results  of  fundamental  experiments 
are  presented.  The  system  uses  the  perpendicular  mag- 
netization  mode  which  is  basically  free from the  demag- 
netization  in  very  high  densities.  Its  realization 
mainly  owes  to  the  development of a  perpendicular 
anisotropy  film  and  perpendicular  magnetic  heads. 

By  the  analysis  of  the  self-consistent  magnetiza- 

I. INTRODUCTION 
To  realize  a  high  density  recording  in  the  present 

magnetic  recording  system,  it  is  especially  needed  to 
make  the  recording  medium  thin  and  highly  coercive.  It 
has  recently  been  clarified  that,  in  high  density re- 
cording,  demagnetization  in  the  medium  not  only de- 
creases  the  remanent  magnetization,  but  also  rotates 
magnetization  vector  to  establish  a  circular  magnetiza- 
tion  mode,  resulting  in  a  significant  decrease  of re- 
produced  signals.’  It  is  understood  that  the  merit of 
using  a  thin  film  is  to  prevent  the  circular  magnetiza- 
tion  from  establishing.  In  the  recent  magnetic  disks, 
the  recording  medium  has  been  reduced  in  thickness,  at 
a  high  pace,  to  such  a  point  that  a  Co-system  metal 
film  of  the  thickness  less  than  500A  is  experimented (a 
linear  density  of  around 20,030 BPI  is  aimed  at).  The 
necessity  of  such  an  extremely  thin  medium,  and  at  the 
same  time,  of  high  coercivity (600-1,000 Oer)  may  also 
be  deduced  by  the  analysis  of  demagnetization  mechanism 
of  a  longitudinal  magnetization  in  high  density  record- 
ing  process.’  If  a  future  system  for  high  density re- 
cording  is  pursued  in  the  same  manner,  the  following 
obstacles  will  be  unavoidably  encountered,  and  practi- 
cal  limits  will  be  reached: 
(i) The recording  density  limit  due  to  domain  walls  of 

a  saw-tooth  structure  appearing  at  the  magnetiza- 

(ii) The  drop  of  S/N  brought  about  by  the  decrease  of 
tion  transition  region  in .::An films. 

remanent  magnetization  per  bit  for  a  thinner  film 
and  the  deterioration  of  uniformity of the  film. 

(E) The  magnetic  saturation  of  recording  heads  accom- 
panied  by  the use of highly  coercive  films. 

The  obstacles  all  stem  from  the  property  of  the  longi- 
tudinal  magnetization  mode  recorded  by  a  ring-type 
head,  that  is,  the  demagnetizing  field  in  the  mode  in- 
creases  and  approaches  to  the  maximum  value  of  4vM,  as 
the  recording  density  increases.  Therefore,  a  desira- 
ble  magnetic  recording  system  in  future  should  be  one 
in  which  the  demagnetizing  field  basically  approaches 
to  zero  in  higher  recording  densities.  By  predicting 
future  advances  in  magnetic  recording  based  on  these 
viewpoints,  the  authors  have  arrived  at  the  conclusion 
that,  adding  to  the  present  longitudinal  magnetization 
mode,  other  magnetization  modes  should  be  utilized, 
such  as  one  whose  magnetization  is  perpendicular  to  the 
medium  surface or a  circular  magnetization  mode  lying. 
on  the  perpendicular  plane.  Recently  the  authors  have 

experimentally  ascertained  the  feasibility  of  a  new 
magnetization  mode  usable  in  high  density  magnetic 
recording. 

tion  of  remanent  magnetization  of  real  tape  is  first 
presented  by  employing  a  Bitter  method.  Then  the  prop- 
erties  of  the  magnetization  modes  are  discussed,  and  a 
new  perpendicular  magnetic  recording  system  for  high 
density  recording  is  proposed. 

In  this  paper  some  results  of  the  direct  observa- 

11.  REMANENT  MAGNETIZATION IN HIGH  DENSITY  RECORDING 
2.1.  Vector  Magnetization  Distribution  in  Medium Cross 

Section 
The  recording  field  for  a  ring-type  head  is  a  vec- 

tor  field  whose  equi-field  strength  points  lie  on  a 
semi-circle  with  center  at  the  middle  point  of  the  head 
gap.  Hence  the  magnetic  recording  process  for  the 
ring-type  head  should be analyzed  in  terms of the  vec- 
tor  fields  and  magnetization.  But  the  difficulties  in 
theoretical  treatment  have  forced  the  recording  and  re- 
producing  processes  to  be  mostly  interpreted  in  terms 
of  a  scalar  magnetization. 

the  reproduced  voltage  in  high  density  recording  is 
strongly  affected  by  the  vectorial  property  of  the  mag- 
netization  on  the  and  that  the  recording  and 
reproducing  processes  must  be  analized  based  on  a  true 
self-consistent  magnetization  (“true”  in  a  sense  not  of 
a  scalar  quantity). 

To  obtain  vector  magnetization  distribution  in  the 
medium,  the  following  methods  have  been  reported: 
(i) Scaled-up  model  experiments  for  a  head  and  tape 

(ii)  Iterative  calculation o f  vector  magnetization. 7 ’ 8  

In  these  methods,  magnetization  distribution  is  indi- 
rectly  obtained  and  a  large  number  of  experiments or 
calculations  are  necessary  to  obtain  magnetization  dis- 
tribution  for  short  wavelength  recording  where  record- 
ing  demagnetization  is  severe. 

ported  a  new  experimental  method,  by  which  a  vector 
magnetization  distribution  is  directly  observed  in  the 
cross  section of the  actual  magnetic  tape  using  Bitter 
patterns.”’  In  the  method,  magnetic  colloids  of  Fe301, 
or MnZn  ferrite  powder  (100-200  A  in  size)  are  dropped 
upon  the  cross  section of the  recorded  tape,  cut  along 
the  longitudinal  direction  in  the  middle  of  the  track. 
By  attaching  an  additional  Mylar  film  on  the  surface  of 
the  magnetic  medium,  a  simultaneous  observation  is  pos- 
sible  for  the  flux  in  the  cross  section  and  for  the  ex- 
ternal  flux.  Although  the  Bitter  pattern  obtained  by 
the  method is not  adequate  to  measure  quantitatively 
the  intensity  of  magnetization,  it  is  highly  effective 
in  understanding  the  macroscopic  features of a  vector 
magnetization  in  the  actural  tape. 

tained  for  y-FezOs  tape  and  their  recording  conditions 
are  as  follows. 
(aj No-bias  recording  at  the  maximum  reproduced  voltage 

at  X=12pm. 
(b) AC-bias  recording  with  the  optimum  bias  current  at 

a  signal  current  slightly  exceeding  one  that  gives 
the  maximum  reproduced  voltage  at  X=JOpm.  And 

(c)  NRZ  recording  with  twelve  consecutive  flux  reverals 
(bit  interval  being  4.75pm),  at a saturation  cur- 
rent for the  first  and  last  bits. 

Recently,  however,  it  has  been  pointed  out  that 

system. 5 y 6  

The  author  and  his  co-workers  have  recently re- 

Figure  1  shows  examples  of  the  Bitter  patterns ob- 
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Fig.1 Bitter p a t t e r n s  of  (a) no bias,  (b) AC b i a s  
and (c) NRZ recording (12 b i t s ) .  

In   the   Bi t te r  method, the  col loidal   magnet ic   par t ic les  
are  adsorbed on the  tape  cross   sect ion by the   forces  
due to   the  surface  charge,  0 ,  and volume charge, p ,  
(=-div M ) .  The adsorption i s  summarized as  follow^.^ 
( i )  The co l lo ida l   pa r t i c l e s   a r e   s e l ec t ive ly   adso rbed  

to   t he   a r ea  where u o r  p e x i s t s   i n   t h e  medium. The 
a t t r a c t i v e   f o r c e  i s  given by KHz(aHZ/a,), where the  
z axis  i s  a normal to   t he   c ros s   s ec t ion ,  HZ the   nor -  
mal component of  a magnetic  field  produced by u and 
p, and K the  constant  determined by the  volume and 
permeabi l i ty  o f  t he   co l lo ida l   pa r t i c l e s .  

( i i )  The ca lcu la t ion  shows t h a t   t h e   B i t t e r   p a t t e r n   o f  
the  cross   sect ion i s  symmetric f o r   t h e   i n t e r n a l  and 
ex te rna l   o f   t he  medium  when u exis ts   a lone,   but  
asymmetric when p coexis ts   with U. Therefore  the 
asymmetric pat tern  corresponds  to   the state tha t   t he  
medium i s  vector ia l ly   magnet ized.  

(iii) No d i s t i n c t   B i t t e r   p a t t e r n  i s  observable when t h e  
complete circular  magnetization mode is  es tab l i shed  
in   the  recording medium (corresponding  to a d ip  
point"  7 ) ,  s ince   the  mode is  divergence  free.  

Based  on the above s ta tements ,   the  Bitter p a t t e r n s  
in   F ig .1  may be   i n t e rp re t ed  as follows. 
(A) Sinusoidal  recording  at   short   wavelength 

lengths  (A/2<6), u and p coexist   and  the medium i s  vec- 
tor ia l ly   magnet ized.  For no b ias   record ing ,   the  sur-  
face   l ayer  o f  the  medium is assumed t o  be most s t rongly  
magnetized.  Since  the  area where the   co l lo ida l   pa r t i -  
cles  are  adsorbed  corresponds  to  the  magnetized  area, 
it i s  seen  from  the  f igure  that  a t  the  maximum repro- 
duced voltage,   the  depth  of  magnetization, o r  t h e   e f -  
fective  thickness  of  magnetized  layer,   &e, i s  given by 

I t  is  est imated from F i g . l ( a )   t h a t   i n   s h o r t  wave- 

6, X/4. 

This  result   agrees  with  Middleton's  analysis  for  the 
optimum output  in  short   wavelengths,  

t o  improve t h e   l i n e a r i t y  between t h e   s i g n a l   f i e l d  and 
The e f f ec t   o f  AC b i a s   f i e l d  is, on the  other  hand, 
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Fig.2  Recording  process a t   t h e  times of  
A) 2nd b i t  and B) 3 rd   b i t   a r e   app l i ed .  

remanent  magnetization  in  the medium and t o   i n c r e a s e  de 
as wel l .   This   effect  i s  clear ly   observed  in   Fig.   l (b)  ; 
the   contour   l ine   o f   the   Bi t te r   pa t te rn ,  which repre-  
s en t s   t he   t h i ckness   o f  an adsorbed  par t ic le   layer ,  
changes a t  a gradual   interval  and t h e  medium is magnet- 
ized  to  almost f u l l  thickness .  

plete   c i rcular   magnet izat ion mode ex is t s   a round  the  
middle  layer,  and  that a par t   o f   res idua l   f lux  makes a 
closed  path  inside  the medium. This   par t   o f   the   f lux  
does  not  contribute  to  reproduced  voltage,   hence  the 
generation  of  such a f lux  c losure  decreases   the  repro-  
duced voltage.   This i s  an in t e rp re t a t ion   o f   t he  re- 
cording  demagnetization  in  short  wavelengths. As r e -  
ported,   the  formation  of a complete c i r c u l a r  mode 
brings  about a "dip phenomena" in  the  reproduced 
voltage. 
(B) High dens i ty   d ig i t a l   r eco rd ing  

s i ty   record ing   of  a t r a in   o f  a f i n i t e  number o f   b i t s ,  
vector  magnetization  appears  near  the medium sur face  
for   the   middle   b i t s .  

Figure 2 shows a model in  the  recording  process 
f o r  a t r a i n   o f  a f i n i t e  number of   b i t s ,   based  on t h e  
d i s t r ibu t ion   o f  U. In   the  f igure  the  broken  l ines  
represent   the  vector   head  f ie ld   l ines   equal   to   the  sat-  
u r a t i o n   f i e l d  Hs o f   the  medium. In  Fig.A),  the zone 1 
i s  a saturated  region,   and  the first b i t   r e v e r s e s   t h e  
magnetization  in  the zone 2 and produces a s t rong  sur -  
face  charge +u2. The subsequent  reversal  by  the  second 
b i t  causes  another  surface  charge - 0 3  to   appear   in   the  
zone 3.  This   demagnet iz ing  f ie ld   in   the x d i rec t ion  
i s ,  as   repor ted   a l ready , '   the   very   o r ig in   to  form a 
circular   magnet izat ion mode, as shown  by t h e   s o l i d   l i n e  
in   t he  zone 2. In  Fig.B) , the   longi tudinal  component 
of  the  demagnetizing  f ield Hdxs i n   t h e  zone 3, produced 
b y   t h e   t h i r d   b i t ,  is very weak (s ince 01, is  same polar -  
i t y  with uz and u 3 < <  u*) ,  leaving  the  magnetization 
s t r u c t u r e  open but  shrinked. I t  is conslusively as- 
sumed t h a t   f o r   t h e  N R Z  high  density  recording  of a 
f i n i t e  number of   bi ts ,   complete   and  incomplete   c i rcular  
modes appear  al ternately,   and  decrease  the  surface 
magnetic  charges  for  the  middle  bits. l o  

The f lux   c losu re   obse rved   i n   F ig . l ( c )   r e su l t s  from 
t h e   f a c t   t h a t ,   f o r  an even number of b i t s ,   t h e   e x t e r n a l  
f ie ld   produced by the  s t rong  charges  due t o   t h e  first 
and l a s t   b i t s  enhances t h e   f i e l d   o f   t h e  same p o l a r i t y  
fo r   t he   midd le   b i t s .  

In  high  density  recording, it i s   s a f e   t o   c o n c l u d e  
that   the   decrease  in   the  reproduced  vol tage,  and  hence 
the  limit of  recording  density,  is  brought  about  mainly 

I t  is  a l so   observed   in   the   f igure   tha t  an incom- 

I t  i s  observed  in   Fig. l (c)   that ,   for  NRZ high  den- 
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by the  rotation  of  magnetization  vectors and the  
decrease  in   the  effect ive  thickness   of   magnet ized 
layer ,   as   descr ibed  above. 

Possible  techniques  to  prevent  the  rotation  of 
magnet ic   vec tors   a re   to   nu l l i fy   the  My component by 
making t h e  medium th inner  o r  to  magnetize  only  the sur- 
face  layer  of  the medium. But for   these  techniques,  
t h e r e  i s  a p r a c t i c a l  limit imposed by S/N, as discussed 
in   Sect ion 1. 

2 . 2 .  Transformation  of  Magnetization Mode 

cording  demagnetization, i s  obviously  influenced by 
b o t h   t h e   f i e l d  of a ring-type  head  and  the  demagnetiz- 
ing   f ie ld   re la ted   to   the   recorded   wavelength  A and  the 
medium thickness  6 .  This means t h a t  a fur ther   de-  
c rease   in   the  medium thickness  causes  the same phenome- 
na  to  occur  only a t  a shorter   wavelength,   wi th   the  dif-  
f icult ies  in  high  density  recording  remaining  unchanged 

For a future  high  density  recording  system,  there- 
fore ,  it i s  worth-while t o  i n v e s t i g a t e  a detect ion 
technique  of  such a c i r c u l a r  mode. The a u t h o r   e t   a l .  
have  found t h a t   t h e  followinqotransformation of  magnet- 
iza t ion  i s  very   e f fec t ive .  '' 

Figure 3 shows the  transformation method: Applying 
a s t a t i c   f i e l d  Hdc to   t he  medium,  on which a c i r c u l a r  
magnetization mode (broken l ine)   has  been  recorded,  at 
an a n g l e   s l i g h t l y   t i l t e d  from the  normal  plane,  the 
magnetization can be  transformed  to an a lmost   mid i rec-  
t ional  perpendicular  magnetization  as shown  by s o l i d  
l i n e s  and  can be  reproduced by a ring-type  head. 

mation  technique is  appl ied   to   the  NRZ recording  of a 
f i n i t e  number of b i t s .   F igure   4 (a)  i s  the  reproduced 
waveform obtained a t  the same recording  conditions as 
t h a t   f o r   F i g .   l ( c ) ,  showing the  s ignif icant   decrease  of  
the  reproduced  voltage  for  the  middle  bits  which a r e   i n  
the  c i rcular   magnet izat ion mode. Figures  4(b)-(d) il- 
lustrate   the  recovery  of   the  reproduced  vol tage  for   the 
middle b i t s  by the mode transformation.  These  figures 
a l s o  show the   decrease   in   the   ampl i tude   for   the   f i r s t  
and l a s t   p u l s e s  and i n   t h e   i n t e r v a l  between them. Fig- 
ure 5 shows the  peak s h i f t  improved  by the mode t rans-  
formation. '' 

The rotation  of  magnetic  vector,  and  hence  the  re- 

Figure 4 shows t h e   r e s u l t   a f t e r   t h e  mode t r a n s f o r -  

0 j \  0 

Fig.3 Method of mode transformation. 

Fig.4  h'ffdct o f  magnetization mode. 
transformation.  (bit   length 4.75pm) 
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Fig.5 Change of  peak s h i f t   a f t e r  
Hdc was applied. 

By the  mode transformation  technique,  the  equali- 
zation  of  the  pulse  amplitude and the  minimization  of 
the peak s h i f t   a r e   p o s s i b l e .  The two ef fec ts   a re   very  
important  for  high  density  recording. 

covers most s i g n i f i c a n t l y   a t  around f3c10°. The f a c t  i s  
believed  to  be  based on the   spac ia l   g rad ien t   o f   the  
equ i f i e ld   l i nes   (vec to r )   nea r   t he   t r a i l i ng  edge of   the  
ring-type  head. 

The r e s u l t s  o f  Figs.4 and 5 are  very  important  in 
two poin ts :  First, it proposes one of the   detect ion 
methods of  the  circular  magnetization mode, and second- 
ly ,  it shows t h a t ,  even f o r  an or ien ted  y-Fe2O3 tape,  a 
perpendicular  magnetization can e f f e c t i v e l y   e x i s t   i n  
high  density  recording. 

The reproduced  voltage f o r  the  middle  pulses  re- 

I 11. REMANENT MAGNETIZATION MODES USABLE 
VAGNETIC  RECORDING 

I t  follows from the  discussion  in  the  previous 
sect ion  that ,   adding  to   the  convent ional   longi tudinal  
mode, the   u t i l i za t ion   of   the   perpendicular   and   c i rcu lar  
modes  cari not  be  ignored  especially  in  high  density 
recording. 

nent  magnetization modes a re  summarized. 

present ,   featur ing  that   the   demagnet iz ing  f ie ld ,  Hd9 
increases  and approaches t o   t h e  maximum value of 41~M 
with  shortening  recorded  wavelength A. Therefore  the 
medium must be   t h in  and  have a high  coercivity,   but  as 
mentioned in  Sec.2, Hd always c o n s t i t u t e s  an obstacle  
in   a t ta in ing   h igher   dens i ty .  

In  Fig.6  the  features  of  these  fundamental rema- 

(a) i s   f o r   t h e   l o n g i t u d i n a l  mode, mostly  used a t  

a) Longitudinal Mode 
X -0 ~ Hd -4nM 

thin 6 
High  Hc, Low M, .&:- 
KB (uniaxial)  -+--  6 

b)  Perpendicular Mode 
X--0, Hd-40 -x-! 
thick 6 
Middle Hc, t f igh M S  8 
KA (uniaxial)  

c ]  Circular Mode 
Hd = 0 
thin 6 

Low Hc, High MS ' 
Ks, Ka (mult iaxial)  

Fig.6  Features  of  fundamental  magnetization modes. 
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cb) i s  fo r  the  perpendicular  mode, whose b a s i c  
f e a t u r e  i s  that Hd decreases  to  zero  with  shortening X .  
Fundamentally,  therefore, a th inner  medium i s  not  nec- 
essary  for   high  densi ty   recording,   and a s i g n i f i c a n t  
improvement can  be  expected f o r   t h e  S/N of  reproduced 
vol tage by increasing remanent  magnetic moment p e r   b i t  
(remanent  magnetization x volume of  magnetized  region/ 
b i t ) .  But  some developments,  which may grea t ly  change 
the  conventional  magnetic  recording  system, must be 
made; such  as  recording medium with magnetic  easy  axis 
perpendicular   to   the  medium plane (KI) and  magnetic 
heads  that   produce  highly  pure  perpendicular  f ield.  

e s t   f e a t u r e   t h a t  Hd i s  bas ica l ly   zero .   This   fac t  i s  
extremely  a t t ract ive,   s ince  magnet ic   recording will be 
f r e e  from  demagnetization,  which i s  unavoidable a t  pre-  
sent;  hence  as  in  magnetic  cores,  the maximum remanent 
magnetization  and l i t t l e   i n t e r - b i t   i n t e r a c t i o n  will be 
rea l ized .  To t h i s  end,  however,  recording medium and 
reproducing  technique must be  fundamentally  altered.  
The  mode i s  noteworthy  from  the  viewpoint  of  increasing 
volume dens i ty   i n   fu tu re .  

f a c t   t h a t  Hd does  not   const i tute  an obs t ac l e   i n   a t t a in -  
ing  high  density  recording. 

Inc identa l ly  a horseshoe-type  magnetization mode, 
which has  long  been  used  as a permanent  magnet, i s  usa- 
b le   in   h igh   dens i ty   record ing .  The  mode i s  understood 
t o  l i e  between  (a)  and  (b). But the  magnetization mode 
in   the   d i rec t ion   of   the   t rack   wid th  i s  excluded from 
the  discussion,   s ince it w i l l  con t r ad ic t   t he   fu tu re  
t rend  of   increasing  t rack  densi ty .  

(c) i s  f o r   t h e   c i r c u l a r  mode, which has   the  great-  

The common advantage  for (b)  and  (c) l i e s   i n   t h e  

IV. PERPENDICULAR MAGNETIC  RECORDING  SYSTEM 
4.1.  Fundamental  Features  of  Perpendicular  Recording 

Between (b)  and  (c)  of  Fig.6,  the most r e a l i z a b l e  
system a t  present  will be  the  former. The authors 
have  invest igated how t o   r e a l i z e  it. The following i s  
i t s   o u t l i n e .  

I t  i s  demagnetization  that  determines a recording 
wavelength a t  which the  perpendicular component, MY, o f  
the  remanent  magnetization  in  the medium surpasses   the 
longi tudina l  component, Mx. I f   t h e  medium i s  sinusoid- 
a l l y  magnetized,  uniformely  through  the  thickness  and 
over an inf in i t   t rack   wid th ,   the   s ta t ic   demagnet iz ing  
f a c t o r s  N I I  and N L ,  f o r   t he   l ong i tud ina l  and  pe  endicu- 
lar  magnetization,  respectively,   are  given  by, z 

N I z ~ T - N I I  

where X is  recorded  wavelength.  If X/6<4, then N u > N l ,  
hence  the  perpendicular  recording  being  advantageous. 
The dynamic demagnetization7 w i l l  give much longer 
crossover  wavelength.   In  digital   recording,  the  dif-  
ference o f  the  demagnetizing  f ield i s  more not iceable  
between the  perpendicular  and  longitudinal  magnetiza- 
t ion  mode. Assuming an i s o l a t e d   t r a n s i t i o n   o f   t h e   p e r -  
pendicular  magnetization, Mr i n  magnitude, the  perpen- 
d icu lar   demagnet iz ing   f ie ld   in   the  medium i s  given by 
Eq.2, in   the  coordinate   system shown in   t he   i n se r t   o f  
Fig. 7. 

( 2 )  

The r e s u l t  i s  depic ted   in   F ig .7  by so l id   l i nes .   In  
t h i s   c a s e ,  Hd approaches t o  zero   near   the   t rans i t ion ,  
hence it does  not widen the   t rans i t ion   reg ion ,   nor   in -  
crease  peak  shift ,  as in   t he   l ong i tud ina l  mode. Fur- 
thermore,   the   interact ion between a d j a c e n t   b i t s   a c t s  so 
as to   decrease  Hd, as t h e   b i t   i n t e r v a l  becomes shor te r .  

This   fac t  means t h a t ,  compared with  the  longi tudi-  
n a l  mode, the  perpendicular mode has  magnetization 
s t ruc tu re   e s sens i a l ly   su i t ab le   fo r   h igh   dens i ty  
recording. 
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Fig.7  Demagnetizing f i e l d  by an 
i s o l a t e d   t r a n s i t i o n   o f  My.  

4.2.  Magnetic Heads for  Perpendicular  Recording 
Magnetic  heads fo r  perpendicular  recording must be  

able   to   produce a f i e l d  whose perpendicular  component 
has an intensive  but   sharp  dis t r ibut ion.   In   the  evolu-  
t ion  of  magnetic  heads,  a perpendicular  head,  one  as 
shown i n  Fig.8Ca) o r  one i n  a s ingle   pole- type,  was 
once  considered  in  1920's. With this   type  of   head,  
however, it is  very  hard  to  produce a f i e l d   p r e c i s e l y  
in   the   perpendicular   d i rec t ion   by   ad jus t ing   the   axes  
and  magnetic  properties  of  both  poles.  Furthermore, 
the   fac t   should   be   no ted   tha t   in   those   years ,  a magnet- 
i c   f i l m   d i d   n o t   e x i s t  which could  be  magnetized  perpen- 
d i c u l a r l y   t o   t h e   f i l m   p l a n e .  From these  reasons,   the 
head  of  type  (a) is  imagined to   be  abandoned  only  with 
the  conception. 

appeared  in  almost same years ,   the   idea   o f   us ing  a 
longitudinal  magnetization mode  was introduced. Com- 
paring  with  the  type  (a),   the  head of type  (b) i s  imag- 
i n e d   t o  have  produced fa r   l a rge   ou tput   vo l tage   for  a 
long  wavelength  signal. A t  t h e  same time,  the  concep- 
t ion   l ed   to   the   invent ion   of  a ring-type  head  (c)  in 
1935. 

a perpendicular  type  head, which has an asymmetric 
s t r u c t u r e  compared with  the  type  (a),   with  the main 
pole  of  a magnetic  thin film in  contact  with  the 
recording medium to   r eco rd   s igna l s .  The o ther   po le ,  an 
auxi l ia ry   po le ,  i s  very   l a rge   in   s ize  compared with  the 
main pole, and posi t ioned on the   o the r   s ide   o f   t he  
recording medium at a su f f i c i en t   d i s t ance .   In   t h i s  
s t ruc tu re ,   t he   pe rpend icu la r   f i e ld ,  similar t o   t h a t   o f  
the  single  pole-type  head, can  always  be  applied t o   t h e  
medium, with no f a c t o r   t o  tilt t h e   f i e l d  from the  nor-  
mal of   the medium. Hence the  head i s  c a l l e d  a s i n g l e  
pole-type  head  (abbr. a SPT head). 

On the  other   hand,   for   the  head  of   type  (b) ,  which 

The head  of  type  (d) , proposed by the   au thors ,  i s  

Fig.8  Evolution  of  magnetic  heads 
(a ,b ,c)  and perpendicular  head(d) . 
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For  the  SPT  head,  if  the  auxiliary  pole is ener- 
gized  by  a  winding  around  it,  the  main  pole  is  magnet- 
ized  from  its  pole  tip,  therefore  the  recording  is pos- 
sible  by  a  relatively  small  MMF. 

proximately  given  by  Eq.3,  choosing  the  origin of the 
coordinates  at  the  center  of  the  main  pole  surface. 

The  perpendicular  field  near  the  main  pole  is  ap- 

M=K h (3b) 

where t is  the  effective  thickness  and IC the  suscepti- 
bility  of  the  main  pole,  and  the  thickness  of  the  aux- 
iliary  pole  is  assumed  to  be  infinite.  The  first 
term,  h,  in  Eq.3a  is  the  weak  perpendicular  field  at 
the  place  of  the  main  pole,  which  is  produced  by  the 
auxiliary  pole  and  almost  constant  in  the  x  direction; 
the  second  term  is  the  strong  field  produced  by  the 
main  pole,  which  is  magnetized  by  h. 

with  the  same  distribution  function,  given  by  Eq.Sa, 
over  a  large  range of intensity.  If  the  main  pole  is 
directly  energized  by  winding  a  coil  around  it,  a 
strong  field  cannot  be  produced,  since  magnetic  satura- 
tion  occurs  at  the  thin  film  yoke  beneath  the  coil. 
The  head  also  has a practical  merit  that  the  wear  of 
the  main  pole  does  not  influence  the  field  distribution 
and  that  the  auxiliary  pole  can  be  placed  apart  from 
the  recording  medium. 

4.3. Perpendicular  Anisotropy  Film 

netization  perpendicular  to  the  film  surface,  many  ma- 
terials  have  recently  been  reported  for  use  in  magnetic 
bubble  devices.  The  films  for  magnetic  recording  must 
have  different  properties  from  those  of  the  bubble  ma- 
terials;  a  strong  adhesion  of  the  magnetic  layer  to  the 
base  material,  a  high  producibility,  especially  in  mass 
production,  and Ms as  high  as  possible  and  Hc  high 
enough  to  support  high  magnetization  (especially  needed 
at  low  densities).  Taking  into  account  these  proper- 
ties,  the  author  et ai. have  prepared  Co-Cr  perpendicu- 
lar  anisotropy  films. 

gy,  hence  it  may  be  used  to  develop  perpendicular 
anisotropy  films. To develop  the  films  in  a  relatively 
thin  thickness,  the  anisotropy  field  Hk  must  satisfy 
the  relation 

The SPT head  has  a  feature  that  it  can  produce  Hy 

As for  the  films  which  have  an  easy  axis  of  mag- 

Co has a large  manetocrystalline  anisotropy  ener- 

Hk > 4aMs, or Ku > 27rMs2 (4 1 
where KU is  a  magnetocrystalline  anisotropy  constant. 
Therefore,  it  is  effective  to  add Cr t o  Co so as  to re- 
duce Ms, keeping  the  C-axis  oriented  perpendicular  to 
the  film  surface. 

To  prepare  the  films, a RF  sputtering  was  employ- 
ed,  which  is  superior  to  other  methods  in  the  reprodu- 
cibility  and  adhesion of the  film. A Polyimide 
film r ?as  used  as  base  ma.terials. 

Co-Cr SPUTTERED FILM 
SUB. : POLYIMIDE FILM 
THICKNESS : lprn 

5 ,-. 
4. 
22 

REC.: SPT HEAD, T=3.5pm 
REP.: RING-TYPE HEAD, Gp=lpm 
TAPE SPEED: 9 , 5  CM/S 

0 . o L  
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RECORDING DENSITY ( KBPI ) 

Fig.11  Reproduced  voltage  vs.  bit  density 
characteristics.  (cf.  Output  voltage  of  a 
y-Fe203  tape  (thiclcness-12~m)  is  2V  at 200 
BPI by  use of ring-type  record  head.) 

Ms of Co-Cr  sputtered  films  decreases  lineary  with 
increasing  content of Cr,  almost  in  accordance  with  the 
tendency  of  bulk.  The  X-ray  diffraction  pattern  shows 
only  a  (002)  line  of  a  h.c.p.  structure,  assuring  the 
C-plane  is  parallel  to  the  film  plane. It has  been 
also  ascertained  that  Co  and Cr are  deposited  in  the 
state of solid  solution.  Fig.9  shows M-H loops of  the 
Co-Cr sputtered  film  measured  parallel(()  and  perpen- 
dicular (I) to  the  film  surface. No compensation  for 
demagnetization  is  made  to  the  perpendicular M-H loop. 
The  results  shows  that  the  film  has  an  easy  axis  per- 
pendicular  to  tne  film  surface.  The  films  which  have 
Ms=200-300 Gauss  are  generally  suitable  for  use  in  the 
perpendicular  magnetic  recording. 

4.4. Recording  Characteristics 

sition  sturcture  in  the  perpendicular  recording.  The 
stand-still  recording  was  made  on  a  Co-Cr  film  by  the 
main  pole  (about 3.5pm in  thickness)  which  is  in  con- 
tact  with  the  film  and  magnetized  by  the  auxiliary  pole 
exitation.  In  this  case,  colloidal  particles  are  ad- 
sorbed  to  the  point  where  the  field  gradient,  due  to 
surface  charges  on  the  Co-Cr  film,  is  maximum.  In  the 
Bitter  pattern,  no  zig-zag  wall  structure3  is  observed 
around  the  transition  region,  and  a  very  narrow 
transition  width  can  be  realized. 

Figure 10 is a Bitter  pattern  which  shows a tran- 

Fig.10  Bitter  pattern  of 
Fig.9  Hysteresis  loops of Co-Cr  film.  stand-still  recording. 

Fig.i2  Reproduced  waveform 
for  signals  of a) 200 BPI 
and  b) 30,000 BPI.  
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Figure  11  shows  the  reproduced  voltage  vs.  record- 
ing  density  characteristics  in  digital  recording  with 
the  thickness  of  Co-Cr  films  as  a  parameter.  The  re- 
cording  condition  is same as  in  Fig.10  except  that  the 
film  is  moving.  In  the  figure  the  Maximum  recording 
density  more  than  30,000  BPI  (Dso)  is  realized  in  a 
relatively  thick  film.  In  the  experiment,  the  repro- 
duction  was  made  with  a  ring-type  head  (Gp=lpm).  The 
point  marked  by  the  symbol@  in  the  figure  shows  the 
predicted  output  increase  after  the  gap loss is  compen- 
sated  for  Gpe=1.15pm.  In  Fig.12  reproduced  waveforms 
are  shown  for  low  (200  BPI)  and  high  density  recording 
(30,000  BPI)(Gp=0.5pm). The  reproduced  waveform  in  low 
density  is  quite  different  from  the  conventional  one, 
but  it  is  readily  interpreted  by  reciprocity  theorem 
using  the  head  field  function  for  a  ring-type  head. l 1  

The  following  facts  may  be  deduced  from  the 
experimental  result  shown  in  Fig.11. 
(i) The  reproduced  voltage  increases  significantly  in 

high  densities,  and  the  gap-loss  compensated  result 
predicts  that  the  remanent  magnetization  is  not  de- 
magnetized  even  in  high  densities.  It  will  increase 
theoretically. 

(ii)  If  all  the  thickness  of  the  film  is  magnetized  in 
the  perpendicular  direction,  a  high  density  record- 
ing  is  possible  even for  a thick  film.  This  fact 
means  that  the  effects of M, Hc and 6 of  the  film  on 
recording  density  obey  the  principle  of  the  perpen- 
dicular  mode  as  shown  in Fig.6(b). 
These  results  are  the  fundamental  preperties  of 

the  perpendicular  recording  and  never  acquired  by  the 
longitudinal  recording. 

high  densities  may  also  be  understood  by  the  comparison 
of  a  remanent  magnetic  moment M. As  for  the  recording 
by  a  ring-type  head,  for  example,  Fig.l(a)  represents 
the  recording  density of about  5,000  BPI  and  its  rema- 
nent  magnetic  moment  M(~Hc'6e.h/2)  for y-Fe203 tape  per 
unit  track  width  (lcm)  is  about  3x10-5emu/bit.  If  the 
recording  at 20,000 BPI  is  done  on  a  metallic  film 
(Hc=1,000  Oer, 6=500 A), M reduces  to  about  6x10-7emu/ 
bit,  assuming  the  longitudinal  magnetization  as  shown 
in  Fig.6(a).  If  the  same  density  is,  on  the  contrary, 
recorded in the  perpendicular  magnetization  as  shown  in 
Fig.6(b),  using a  lym-thick  Co-Cr  film, M can  be  in- 
creased  up  to  about 3~10-~emu/bit. Such  an  increase  in 
remanent  magnetic  moment  will  be  effective  in  increas- 
ing  recording  density  and  reducing  noises. 

The  advantage  of  the  perpendicular  recording  in 

V. CONCLUSION 
Analyzing  the  self-consistent  magnetization  of  the 

recording  medium,  this  paper  describes  that  the  present 
recording  system  with  a  ring-type  head  is  not  the  best 
system  in  attaining  a  high  storage  density.  Then,  the 
perpendicular  recording  system  is  proposed,  in  which 
the  demagnetization  effect  is  essentially  small  in  high 
densities.  As  for  perpendicular  type  ma  netic  heads,  a 
few  analyses  have  been  reported so far,"'l5  but  no  one 
has  yet  succeeded  in  the  experiment  of  high  density 
recording  with  the  heads.  The  suthors  have  carried  out 
the  fundamental  experiment  by  conbining  perpendicular 
anisotropy  films  with  magnetic  heads  which  produce  the 
perpendicular  field,  and  ascertained  that  the  perpen- 
dicular  recording  system  exhibits  a  strikingly  superior 
response in high  densities. 

mode  that  can  increase  essentially  the  remanent  magnet- 
ic  moment o f  signals  in  high  densities,  and  is  believed 
to  give  an  important  break-through  in  improving  the 
present  magnetic  recording  technique. The fact  that, 
in  the  perpendicular  recording,  the  restriction of 
demagnetization  on  recording  densities  is  exceptionally 
small  will  influence  greatly  the  development  of  record- 
ing  medium  and  recording  theory  as  well.  And  a  number 
of  magnetic  heads  in  practical  structure  will  be 
considered.  They  are  important  themes  in  magnetic 
recording  to  be  studied  from  now  on. 

The perpendicular  recording  has  the  magnetization 
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