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C o - C r  layers for the pe rpend icu la r  r ecord ing  m o d e  were depos i ted  by means  o f  
r.f. sput te r ing  under  sui table cond i t ions  in an  a r g o n  plasma.  The  films were 
charac te r i zed  s t ruc tura l ly  by X-ray  and  electron m i c r o s c o p y  and  the magne t i c  
proper t ies  were de te rmined  with a v ibra t ing  sample  m a g n e t o m e t e r  and  by t o rque  
measurements .  

The  influence of  some  sput ter  pa rame te r s  on  the s t ruc tura l  and  magne t i c  
p roper t i es  are discussed.  Even very thin layers show a high h.c.p. [001 ] o r i en ta t ion  on 
several substrates .  The  in-plane  magne t i c  r emanence  Sil ( =  M r / M ~ )  is very small 
( abou t  4~/u). As will be s h o w n  in Par t  II  the magne t i c  a n i s o t r o p y  is caused  by crystal  
an i so t ropy .  The  cor re la t ion  between the h.c.p, c axis o r ien ta t ion  and  S~l suppor t s  
this conclus ion .  The  g r o w t h  m e c h a n i s m  of  the layer  is discussed. 

1 . I N T R O D U C T I O N  

Thin  f e r romagne t i c  films with pe rpend icu la r  magne t i za t i on  have  been pro-  
posed  for high densi ty  r ecord ing  and  are  cons idered  to be super ior  to films 
magne t i zed  in the longi tud inaI  m o d e  t-3. Coba l t  has a large magne toc rys t a l l i ne  
uniaxial  a n i s o t r o p y  in the d i rec t ion  of  the h.c.p, c axis. In the course  o f  deve lop ing  a 
m e d i u m  with pe rpend icu l a r  magne t i c  a n i s o t r o p y  several coba l t  meta l  al loys have 
been deve loped  4" ~. U p  to n o w  sput te red  C o - C r  films have been accepted  as the al loy 
films with the best proper t ies  for high densi ty  recording.  These  propert ies ,  of  course,  
d e p e n d  on the r.f. sput te r ing  cond i t ions  as has been discussed by several 
researchers  6 8. N e w  results f rom standstil l  r ecord ing  exper iments  on our  sput tered  
C o  Cr  films have  recently been publ i shed  9. 

In this pape r  (Par t  I) we describe the s t ruc tura l  proper t ies  of  ou r  films which are 
m a d e  by using op t imized  sput ter  pa r ame te r s  with var ious  substrates.  The  typical  
deve lopmen t  of  the s t ruc ture  of  the C o - C r  layers was s tudied in detail  by  X- ray  
diff ract ion and  X- ray  rock ing  curve  techniques,  special a t t en t ion  being paid to the 
initial layer  (25 nm or  less). F u r t h e r m o r e  t ransmiss ion  electron m i c r o s c o p y  (TEM)  
a nd  scann ing  e lec t ron  m i c r o s c o p y  (SEM) techniques  Were used for the s t u d y 0 f  bot  h 
the m o r p h o l o g y  and  the g r o w t h  processes of  the crystallites. 
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2 .  P R E P A R A T I O N  O F  T H E  F I L M S  

A L e y b o l d - H e r a e u s  Z 4 0 0  commerc ia l  r.f. spu t te r ing  system was used. The 
m o s t  i m p o r t a n t  cond i t i ons  for r ep roduc ib le  depos i t ion  of  films are listed in Table  
I. T w o  types of  target  were used for p r o d u c i n g  C o - C r  layers, namely  a mul t i t a rge t  
(cobal t  ta rge t  cove red  with 13 r o u n d  c h r o m i u m  pieces) and  an  a l loyed target  
(Mater ia ls  Research  C o m p a n y ) .  Us ing  the s t a n d a r d  cond i t ions  m e n t i o n e d  in Table  I 
we o b t a i n e d  layers with a chemica l  c o m p o s i t i o n  of 15 at.~/o Cr  for the mul t i t a rge t  and  
19 at.~/o Cr  for the a l loyed target.  The  chemical  c o m p o s i t i o n  and  the film thickness  
were de te rmined  by X- ray  f luorescence 1°. N o  significant var ia t ion  in the chemical  
c o m p o s i t i o n  was measu red  over  an  area  of  5 cm 2 in the centre  of  the subs t ra te  
holder .  T--his is reflected by the c o n s t a n t  value of  the sa tu ra t ion  magne t i za t i on  M~ 
which  is s t rong ly  dependen t  on  the compos i t i on .  

TABLE I 
SPUTTER CONDITIONS 

B a c k g r o u n d  p r e s s u r e  < 10 7 m b a r  
A r  p r e s s u r e  4 × 1 0 -  a m b a r  
R,f.  v o l t a g e  1.6 k V  
R.f.  c u r r e n t  2 2 5  m A  
D e p o s i t i o n  r a t e  2 .2  ~t s 1 
T a r g e t - s u b s t r a t e  d i s t a n c e  5 0  m m  
T a r g e t  d i a m e t e r  1 0 0  m m  
S u b s t r a t e  h o l d e r  t e m p e r a t u r e  A m b i e n t  ( w a t e r  c o o l e d )  

In  o rde r  to  ob ta in  r ep roduc ib le  layers of  high qual i ty  the fol lowing p r o c e d u r e  is 
used. 

(i) The  bell-jar is b a k e d  for 10 h at  100°C until  a back  pressure of  less t han  
1.5 x 10 -7  m b a r  is reached.  By m e a n s  of  a l iquid N 2 Meissner  t r ap  the pressure is 
fur ther  decreased  to be low 10-  7 mbar .  

(ii) The  target  is c leaned before depos i t ion  by p respu t te r ing  (15 min at 1.6 kV). 
(iii) The  subs t ra tes  are c leaned by glow d ischarge  ( 1 0 m i n  at 500V) before 

depos i t ion .  
The  subs t ra tes  are p laced on  a wa te r -coo led  subs t ra te  holder .  D u r i n g  

spu t te r ing  the subs t ra te  ho lde r  a t ta ins  an equi l ibr ium t empera tu re  of  150 °C after 
a b o u t  1 h. This t empe ra tu r e  rise is caused  ma in ly  by e lec t ron hea t ing  f rom the 
p lasma.  

D u r i n g  g r o w t h  a so-called ho t  a b s o r p t i o n  layer  is present  11 just  above  the 
c o n d e n s i n g  surface where  the sput te r  a t o m s  and  the electrons f rom the p lasma  reach  
the surface. There  is evidence tha t  the surface t empe ra tu r e  m a y  be m u c h  higher  t han  
the m e a s u r e d  subs t ra te  ho lde r  t empe ra tu r e  12. The  g r o w t h  process  is ma in ly  
de te rmined  by the surface t e m p e r a t u r e  o f  the layer  (at a p p r o x i m a t e l y  500 °C 11. t 3). 
S t a n d a r d  size 10 m m  x 10 m m  subst ra tes  of  C o r n i n g  glass 7059, silicon wafers ([ 100] 
or iented)  and  for T E M  e x a m i n a t i o n  freshly cleaved m i c a  sheets covered  with a thin 
e v a p o r a t e d  a m o r p h o u s  c a r b o n  film are used. In o rder  to ob t a in  a g o o d  h.c.p. 
s t ruc ture  with [001]  pe rpend icu la r  to the subs t ra te  a very low back  pressure (less 
t h a n  10 7 mbar )  is necessary  6-8. The  a r g o n  gas used mus t  be of  a very high pur i ty  
(99.998~0). 
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I m p u r i t i e s  c a u s e  a d e c r e a s e  in t h e  c ax i s  o r i e n t a t i o n  a n d  a r e  d i r e c t l y  n o t i c e a b l e  
in  t h e  m a g n e t i c  p r o p e r t i e s ,  e s p e c i a l l y  Sii. U s e  o f  t he  M e i s s n e r  t r a p  g a v e  Sil - -  0.03 
a n d  w i t h o u t  t h e  t r a p  w e  o b t a i n e d  Sll -~ 0.06. I n  a d d i t i o n  it h a s  b e e n  s h o w n  ~ 3 t h a t  a 
s m a l l  a m o u n t  o f  r e s i d u a l  N z g a s  in t h e  r.f. s p u t t e r  c h a m b e r  p r o m o t e s  t h e  f o r m a t i o n  
o f  t h e  f.c.c, p h a s e  in  C o - C r  f i lms  w h i c h  a l s o  d e s t r o y s  t h e  w e l l - o r i e n t e d  h.c.p.  
s t r u c t u r e .  

3. I N F L U E N C E  O F  T H E  S U B S T R A T E  

D u r i n g  e v e r y  r u n  w e  s p u t t e r e d  C o - C r  f i lms  o n  s i l i con ,  g l a s s  a n d  m i c a  c o v e r e d  
w i t h  c a r b o n .  T h e  i n f l u e n c e  o f  t h e  d i f f e r e n t  s u b s t r a t e s  o n  the  c ax i s  o r i e n t a t i o n  is 
s h o w n  in F ig .  1. I n  th i s  f i gu re  A05o is g i v e n  as  a f u n c t i o n  o f  t he  f i lm t h i c k n e s s  for  t h e  
m u l t i t a r g e t .  T h e  d i f f e r e n c e  b q t w e e n  g l a s s  a n d  s i l i c o n  is m o r e  p r o n o u n c e d  fo r  t h in  
l a ye r s .  T h i s  d i f f e r e n c e  m a y  be  c a u s e d  b y  t h e  effect  o f  e l e c t r i c a l  c h a r g e  o n  the  
e l e c t r i c a l l y  i n s u l a t i n g  g l a s s  s u b s t r a t e  f r o m  t h e  s p u t t e r  p l a s m a .  

E l e c t r i c a l l y  c o n d u c t i v e  C / m i c a  s u b s t r a t e s  s h o w  a p p r o x i m a t e l y  t he  s a m e  
d e p e n d e n c e  as  t h e  s i l i c o n  s u b s t r a t e  a l t h o u g h  the  h e a t  c o n d u c t i v i t y  o f  C / m i c a  is j u s t  
a s  l o w  a s  t h a t  o f  g lass .  T h e  i n f l u e n c e  o f  t h e  s u b s t r a t e  is less  a p p a r e n t  for  t h i c k e r  
l aye r s .  T h e s e  r e s u l t s  a r e  s u p p o r t e d  by  t h e  r e s u l t s  o f  Sll m e a s u r e m e n t s  o n  the  s a m e  
l a y e r s  ( F i g .  2). F r o m  o u r  o t h e r  m a g n e t i c  m e a s u r e m e n t s  a l s o  w e  c a n  c o n c l u d e  t h a t  
t h e  p r o p e r t i e s  o f  C o - C r  s p u t t e r e d  o n  C / m i c a  a n d  s i l i c on  a r e  p r a c t i c a l l y  t h e  s a m e .  

I t  w a s  f o u n d  t h a t  g l o w  d i s c h a r g e  c l e a n i n g  o f  t h e  s u b s t r a t e  is e s s e n t i a l  in o r d e r  to  
o b t a i n  a w e l l - o r i e n t e d  l a y e r  d i r e c t l y  f r o m  t h e  s t a r t  o f  g r o w t h .  M e a s u r e m e n t s  o f  A05o 
fo r  a C o - C r  l a y e r  25 n m  t h i c k  o n  a c l e a n e d  a n d  a n  o r d i n a r y  s i l i c o n  s u b s t r a t e  y i e l d e d  
v a l u e s  o f  1.5 ° a n d  5.5 ° r e s p e c t i v e l y .  W i t h  s e c o n d a r y  i o n  m a s s  s p e c t r o m e t r y  it is c l e a r  
t h a t  t h e  i n f l u e n c e  o f  g l o w  d i s c h a r g i n g  is m a i n l y  t h e  r e m o v a l  o f  i m p u r i t i e s  s u c h  as  H ,  
H z O  a n d  0 2  f r o m  t h e  su r face .  I t  is u n d e r s t a n d a b l e  t h a t  t h e s e  i m p u r i t i e s  i n f l u e n c e  
t h e  g r o w t h  o f  t h e  l aye r .  F r o m  the  l i t e r a t u r e  it is k n o w n  t h a t  r e s i d u a l  g a s e s  c a n  h a v e  a 
s t r o n g  i n f l u e n c e  o n  t h e  c r y s t a l  h a b i t  ~3 a n d  in  t he  c a s e  o f  C o - C r  l a y e r s  a n  f.c.c. 
s t r u c t u r e  14 h a s  a l s o  b e e n  o b s e r v e d .  
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F i g .  1. T h e  r e l a t i o n  b e t w e e n  t h e  h a l f w i d t h  a n g l e  A050  o f  t h e  X - r a y  r o c k i n g c u r v e s  a n d  t h e  l a y e r  t h i c k n e s s  
f o r  v a r i o u s  s u b s t r a t e s :  A g l a s s ;  [S], s i l i c o n ;  O ,  C / m i c a .  

F i g .  2. T h e  i n - p l a n e  r e m a n e n c e  SII a s  a f u n c t i o n  o f t h e  f i lm  t h i c k n e s s  h f o r  v a r i o u s  s u b s t r a t e s  ( s y m b o l s  as  
in F i g .  1). 
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4. F I L M  S T R U C T U R E  

4.1. X-ray diffraction 
Several  C o - C r  layers (15 at.~o Cr) 2~tm thick sput te red  on  C /mica  were 

r e m o v e d  f rom their subs t ra tes  and  p o w d e r e d  in an aga te  mor t a r .  F r o m  this p o w d e r  
an  X- ray  diff ract ion spec t rum was ob ta ined  at 35 kV and  4 0 m A  with Cu  K 
radia t ion.  O n l y  the h.c.p, reflect ions were present  in the C o  Cr  spec t rum measured .  
The  X- ray  reflections present  are  given in Table  II. A KCI  p o w d e r  was used as 
ca l ib ra t ing  mater ia l  is. The  lattice pa rame te r s  a = 2.52/~ and  c = 4.06/~ were 
ca lcu la ted  f rom the da t a  given in Table  II.  These  give a c/a ra t io  of  1.62 which is 
a lmos t  the same  as the ra t io  for h.c.p. ~-Co t6. The  20 values for o u r  C o - C r  show a 
small sys temat ic  shift with respect  to  those  for c~-Co. 

T A B L E  II  
MEASURED X-RAY DATA FROM POWDERED SPUTTERED C o - C F  LAYERS COMPARED WITH DATA FOR n - C o  a 

Resul t s  f o r  p o w d e r e d  Co~-Cr Data  for  c~- Co 

Correc ted  20()~c~ ) ( d e g )  Calcu la ted  d ( ~ )  d (~k) hk i l  

4 1 . 4 6  2 . 1 7 5  2 . 1 6 5  10:f0 
4 4 . 6 5  2 . 0 3 0  2 . 0 2 3  0 0 0 2  
4 7 . 3 6  1 .919  1 . 9 1 0  1011 
6 2 . 5 3  1 .485  1 .48 1012  
7 5 . 5 8  1 .258  1 . 2 5 2  11~0  
8 4 . 1 9  1 . 1 5 0  1 . 1 4 9  1 0 i 3  

1 .083  2 0 ~ 0  
9 2 . 2 3  1 .069  1 _066 11 ~2  
9 4 . 1 8  1 .052  1 . 0 4 7  2021  
9 8 . 7 8  1 .015  1 .015 0 0 0 4  

" F r o m  ref .  16. 

4.2. Rocking curve method 
The  preferred c rys t a l log raph ic  o r i en ta t ion  (texture) was examined  by measur -  

ing the layers with a Phil ips texture  g o n i o m e t e r  using C o  K0t radia t ion .  The  {0002} 
a nd  {10 i l }  pole  d i s t r ibu t ions  were m e a s u r e d  with a pi tch of  2.5 ° by  means  of  the 
Schul tz  m e t h o d  17. The  {0002} pole figure shows  only  a very n a r r o w  dis t r ibu t ion  in 
the centre  of  the plot  and  tha t  for {1011} (Fig. 3) consists  of  a n a r r o w  circular  
d i s t r ibu t ion  which  can  be assigned to the [001]  1 ° or ienta t ion .  Because these pole  
figures showed  a high degree of  r o t a t i ona l  s y m m e t r y  we decided to examine  all o ther  
layers by the so-cal led rock ing  curve  m e t h o d  where  the specimen is scanned  in a 
cu rved  line ins tead of  spiral ly as in the Schul tz  me thod .  In  Fig. 4 the {0002} rock ing  
curves  are given for the initial layer  (Fig. 4(a)) and  for thick layers sput tered  on  
silicon (Fig. 4(b)) and  glass (Fig. 4(c)). F r o m  these curves  the hal fwidth  angle A05o 
was  determined.  This  angle represents  the d ispers ion  of  the [001]  d i rec t ion  (c axis) of  
the h.c.p, s t ruc ture  a r o u n d  the n o r m a l  to the film plane. 

A050, for  very thin layers (25 nm) is small (3 °) when  the layers have been 
spu t te red  on  silicon subs t ra tes  (Fig. 4(a)). This  means  that  the initial g r o w t h  of  the c 
axis is a l ready  highly oriented.  In  o the r  words  the initial layer  g rows  with the {0002} 
p lane  parallel  to  the substra te .  The  re la t ion be tween A0so and  the film thickness  for 
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v a r i o u s  s u b s t r a t e s  is g iven  in Fig .  1. F r o m  this it can  be seen t ha t  A050 i m p r o v e s  
d u r i n g  g r o w t h  o f  the  film. F o r  a t h i ckness  o f r n o r e  t h a n  0.1 lain the  c axis  o r i e n t a t i o n  
for  C o - C r  f i lms on  s i l i con  is a l m o s t  c o n s t a n t  (1.7°). F i l m s  s p u t t e r e d  on  C / m i c a  show 
a s i m i l a r  b e h a v i o u r ,  bu t  t h o s e  on  glass  have  a m u c h  worse  o r i e n t a t i o n  at  the  s t a r t  
a n d  A0so is n o t  c o n s t a n t  for  t h i cknes se s  of  u p  to  1.5 lam. 

A~50. 

i 
('0002 [ (0002) 

- 2 0  0 2 0  - 2 0  0 2 0  

(a) (b) 

AO~O 

I (ooo2 

-20 0 20 

Fig. 3. The  { 10TI ) pole figure for C o - C r  film (15 at.% Cr) 800 nm thick sput te red  on silicon: IS], 2 0 ;  
[ ] ,  30%. The  centre o f / h e  plot indicates the film normal .  

Fig. 4. The  {0002} X-ray rocking  curves  for sput te red  C o - C r  layers: (a) on silicon (25 n m ;  A0so = 2.8'i ,  
(b) on silicon (800 rim; A0+0 = 1+6°); (c) on glass (800 n m ;  A0so = 5.06 ). 

O t h e r  e x p e r i m e n t s  were  c a r r i e d  ou t  to  i nves t iga t e  w h e t h e r  the in i t ia l  l aye r  
a l w a y s  s t a r t s  g r o w i n g  wi th  the  basa l  {0002} h.c.p, p l anes  pa ra l l e l  to  the  subs t r a t e .  A 
s i l icon  s u b s t r a t e  was  p l a c e d  at  an  ang le  of  45 ° to  the  s u b s t r a t e  h o l d e r  next  to  a 
n o r m a l l y  p o s i t i o n e d  subs t r a t e .  T h e r e  was  on ly  a s l ight  d i f ference be t w e e n  the  ~two 
s p u t t e r e d  l ayers  of  t h i c k n e s s  25 nm.  The  d i s p e r s i o n  o f  the  c axis  o r i e n t a t i o n  was  5.5 ° 
a n d  3.0 ° respec t ive ly .  Th is  de f in i t e ly  shows  t ha t  for  s p u t t e r e d  C o  Cr  layers  the 
{0002} h.c.p, p l a n e  g r o w s  pa ra l l e l  to  the subs t r a t e .  

4.3. Electron microscopy 
T h e  c ry s t a l  d i a m e t e r  was  d e t e r m i n e d  by  m e a n s  of  e l e c t r o n  m i c r o s c o p y .  

Re la t ive ly  th in  f i lms up  to  200 n m  were  e x a m i n e d  wi th  a J E O L  200 CX m i c r o s c o p e  
(200 kV). F i l m s  of  t h i cknes s  up  to  a p p r o x i m a t e l y  600 nm were  s t ud i e d  wi th  the  h igh  
v o l t a g e  (1000 kV) T N O  e l e c t r o n  m i c r o s c o p e .  (This  i n s t r u m e n t ,  d e s i g n e d  a n d  con-  
s t r u c t e d  a t  the  I n s t i t u t e  of  A p p l i e d  Phys i c s  T N O - T H  Delft ,  has  been  ins ta l l ed  at  
the  M e t a l  R e s e a r c h  In s t i t u t e  T N O ,  A p e l d o o r n . )  

T h e  c ry s t a l  d i a m e t e r  on  the sur face  was  d e t e r m i n e d  by  a r ep l i ca  t e c h n i q u e  as 
well as f rom images  m a d e  wi th  the J E O L  200 C X  m i c r o s c o p e  in the S E M  mode .  The  
f i lms m e a s u r e d  by  t r a n s m i s s i o n  m i c r o s c o p y  were  s p u t t e r e d  on  freshly c l eaved  mica  
s u b s t r a t e s  c o v e r e d  wi th  a th in  a m o r p h o u s  e v a p o r a t e d  l aye r  of  c a r b o n  ( th ickness ,  
a p p r o x i m a t e l y  30 nm). After  the  l aye r  had  been  cut  i n to  pieces  t h e y  were  d i p p e d  
in w a t e r  for  s e p a r a t i o n  f rom the m i c a  a n d  m o u n t e d  on  gr ids .  In Fig .  5 the  b r igh t  
field a n d  e l e c t r o n  d i f f r ac t ion  i m a g e s  f rom the  in i t ia l  l aye r  a n d  r e l a t ive ly  th ick  l ayers  
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(a) (b) 

(c) [d) 
Fig. 5. T ransmis s ion  electron m i c r o g r a p h s  (high voltage electron microscope)  and the co r r e spond ing  
diffraction pa t t e rns  for sput te red  Co Cr layers of var ious  thicknesses : (a) 25 nm ; (b) 200 rim; (c~ 400 nm;  
(d) 600 nm. 
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are shown.  F r o m  the diff ract ion pa t t e rns ' i t  can  be seen that  on ly  h.c.p, reflections 
were present.  

The  crysta l  d i ame te r  was de te rmined  as a func t ion  of  the layer  th ickness  by 
mic roscop ic  examina t ion .  The  crystal  d i ame te r  appea r s  to increase with the film 
th ickness  (Fig. 6). A two-s tage  replica technique  for imag ing  the surface s t ructure  of  
C o - C r  layers was used for very thick layers  (above  0.5 p.m). First  a negat ive  replica is 
m a d e  with Technov i t e  ( type 4071) and  f rom this the final posit ive repl ica is p r epa red  
using c a r b o n  and  p l a t i num shadowing .  After the Technov i t e  has  been dissolved the 
final replica can  be studied.  A typical  e lect ron m i c r o g r a p h  is s h o w n  in Fig. 7. 

, 2 o  

l O O  

8 o  ~1 

~ 6 o  

2o  

o I I I I I I ~ I I I I I 
o 2 4 6 8 l O  12 

h x l O  2 ( n r n )  

F i g .  6. T h e  c r y s t a l  s i z e  D a s  a f u n c t i o n  o f  t h e  l a y e r  t h i c k n e s s  h: Q, multitarget; O,  a l l o y e d  t a r g e t .  

Cross-sec t iona l  s tructures_can be obse rved  with the J E O L  200 CX mic roscope  
in the S E M  mode.  These  samples  are p repa red  by coo l ing  the spec imen in l iquid N 2 
before b reak ing  it to  ob ta in  a brit t le fracture.  F igure  8 shows  the cross-sec t ional  
s t ruc ture  of  a C o - C r  film 2 jam thick spu t te red  on  silicon. Such m i c r o g r a p h s  do  no t  
show a co lumnar - l i ke  m o r p h o l o g y  as can ma in ly  be seen in other ,  relatively thick, 
sput te red  layers (see for ins tance  ref. 18). F r o m  these and  the T E M  examina t i on  we 
conc luded  that  the crystals  tend to be conical ly  shaped  (Section 5). 

5 .  D I S C U S S I O N  O F  T H E  F I L M  M O R P H O L O G Y  A N D  S T R U C T U R E  

The film s t ruc ture  is usual ly descr ibed by its two m o s t  i m p o r t a n t  proper t ies  : the 
c rys t a l log raph ic  (preferred) o r i en ta t ion  (or texture) and  the m o r p h o l o g y  (crystal size 
a nd  shape). These  two  features of  thin films are often descr ibed independen t ly  I 8-21 
bu t  somet imes  there  is a s t rong  re la t ion be tween them. Especial ly  in the case o f  the 
"survival  of  the fastest" mode l  19 the m o r p h o l o g y  is s t rongly  de te rmined  by the 
c rys t a l log raph ic  o r i en ta t ion ;  i.e. the film o r i en ta t ion  is finally given by the 
c rys t a l log raph ic  axis which g rows  the fastest. In the h.c.p, s t ruc ture  this is the 
[001]  axis. 

W i t h  physical  v a p o u r  depos i t ion  techniques  these proper t ies  are  m o r e  or  less 
de t e rmined  by the process  involved,  i .e.  in spu t te r ing  by the process  pa rame te r s :  
spu t t e r  rate, subs t ra te  t empera tu re ,  c o n t a m i n a t i o n  and  a r g o n  pressure. Here  it is 
a s sumed  that  the a r g o n  pressure  used does  no t  influence the film propert ies .  At  
h igher  pressures  the c axis o r i en ta t ion  is d i s tu rbed  8. It is also a s sumed  that  the rate 
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Fig .  7. An  i n d i r e c t  r e p l i c a  of  a C o  C r l a y e r  1 I J m t h i c k .  

of  d e p o s i t i o n  b y  e v a p o r a t i o n  22 o r  b y  s e v e r a l  s p u t t e r i n g  m e t h o d s  6 8,23 d o e s  n o t  
effect  t h e  p e r p e n d i c u l a r  c ax i s  o r i e n t a t i o n .  F r o m  th is  it c a n  be  seen  t h a t  a 
p e r p e n d i c u l a r  c ax i s  o r i e n t a t i o n  is O b t a i n e d  a t  r a t e s  b e t w e e n  0.2 a n d  600  n m s  ~. i t  
is n o t  ye t  c l e a r  w h e t h e r  t h e  d e p o s i t i o n  r a t e  i n f l u e n c e s  t h e  f i lm m o r p h o l o g y  o f  C o - C r  
f i lms,  H o w e v e r ,  it  h a s  b e e n  s h o w n  t 8 t h a t  t h e  m o r p h o l o g y  o f  o n e - p h a s e  l a y e r s  d o e s  
n o t  c h a n g e  in  a w i d e  r a n g e  o f  d e p o s i t i o n  r a t e s .  

T h e  m o s t  i m p o r t a n t  p a r a m e t e r ,  b u t  u n f o r t u n a t e l y  a l s o  t h e  m o s t  e l u s i v e  
p a r a m e t e r  in t h e  ca se  o f  s p u t t e r i n g ,  is t h e  t e m p e r a t u r e .  I n  r.f. s p u t t e r i n g ,  t h c  s u r f a c e  
t e m p e r a t u r e ,  i .e.  a t  w h i c h  t h e  f i lm f o r m a t i o n  t a k e s  p l a c e ,  is p r e d o m i n a n t l y  
d e t e r m i n e d  b y  t h r e e  f a c t o r s  w h i c h  a r e  o f  t he  s a m e  o r d e r  o f  m a g n i t u d e :  (i) t he  
t e m p e r a t u r e  o f  t h e  s u b s t r a t e  h o l d e r ,  (ii) t h e  t e m p e r a t u r e  p r o d u c e d  by  h e a t  f r o m  the  
c o n d e n s i n g  a t o m s  a n d  (iii) t h e  t e m p e r a t u r e  p r o d u c e d  b y  h e a t i n g  f r o m  the  s p u t t e r  
p l a s m a ,  m a i n l y  by  t h e  e l e c t r o n s .  T h i s  c o m p l e x  h e a t  m e c h a n i s m  n o t  o n l y  m a k e s  i t  
d i f f i cu l t  to  d e t e r m i n e  a n  a c c u r a t e  s u r f a c e  t e m p e r a t u r e  ( w h a t e v e r  th i s  m a y  m e a n )  b u t  
a l s o  i m p l i e s  t h a t  t h i s  t e m p e r a t u r e  wi l l  n o t  b e  s t a t i o n a r y  d u r i n g  t h e  s p u t t e r  run .  T h e  
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surface t empe ra tu r e  in r.f. spu t t e r ing  was de te rmined  by measu r ing  the h.c.p.-f.c.c. 
t rans i t ion  t e m p e r a t u r e  and  c o m p a r i n g  this with bulk da ta  for C o - C r  and was found  
to be 550 °C higher  than  the measured  subs t ra te  t empera tu re  12. However ,  surface 
f o r m a t i o n  shou ld  no t  be c o m p a r e d  direct ly with bulk fo rmat ion .  Besides the 
u n k n o w n  depos i t ion  t empera tu re  there is also some  ambigu i ty  in the l i terature 
a b o u t  the dependence  of  the c axis o r i en t a t ion  on the subs t ra te  t empera tu re  v" s. 

Despi te  this unce r t a in ty  a b o u t  the t em pe ra tu r e  the overall  picture of  o u r  films 
is quite cons is tent  and  shows clear features o f  the film growth .  First, the c axis 

Fig .  8. C r o s s - s e c t i o n a l  S U M  i m a g e  o f a  C o - C r  l a y e r  2 p m  l h i c k  s p u l t e r e d  o n  s i l i c o n .  
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or ien ta t ion  is excellent, be ing  i ndependen t  of  the film thickness  f rom very thin films 
up to a film thickness  of  a few microns.  Secondly ,  the grain  size increases 
c o n t i n u o u s l y  with the film thickness  as measu red  for films in the range  25-2000  nm. 
After 1 h a c o n s t a n t  subs t ra te  t em pe ra tu r e  of  150 °C is r eached  with a sput te r  rate of  
0.2 nm s 1. The  th ickness  range  examined  far exceeds the value measu red  when  the 
t e m p e r a t u r e  became  s ta t ionary .  Therefore  it is a s sumed  that  du r ing  film g r o w t h  the 

t 
surface t e m p e r a t u r e  can  be cons idered  as c o n s t a n t ;  i .e.  at least t empe ra tu r e  
var ia t ions  are t oo  small  to cause  different g r o w t h  character is t ics .  The  relative 
surface t e m p e r a t u r e  (relative to the mel t ing  point)  was eva lua ted  as a b o u t  0.3 0.5. 

The  excellent c axis o r i en t a t ion  of  the nuclei p r o b a b l y  or ig inates  f rom the 
t endency  to c o n d e n s e  with the m o s t  densely p o p u l a t e d  crysta l  planes,  the {0002} 
planes,  parallel  to  the substrate .  This  is s u p p o r t e d  by the excellent c axis o r i en ta t ion  
(A0so = 5 °) of  a C o - C r  film 25 n m  thick, sput tered  on  a silicon subs t ra te  which  was 
p laced  at an angle o f  45 ° to  the subs t ra te  holder .  

The  preferred o r i en ta t ion  is m a i n t a i n e d  as the film thickness  is increased.  This  
cou ld  be caused  by  a m e c h a n i s m  of  self-epitaxy. In  this case, however ,  the 
o r i en ta t ion  w o u l d  de te r io ra te  with increas ing  film thickness  ~ 9. It  is m o r e  likely that  
this n o r m a l  c axis o r i en ta t ion  is m a i n t a i n e d  because  it is also the fastest g rowing  
c rys t a l log raph ic  or ien ta t ion .  It  has  been s h o w n  19 that  a cer ta in  c rys ta l lograph ic  
o r i en t a t i on  can  arise f rom a m e c h a n i s m  descr ibed  as "'the survival  of  the fastest", i .e.  

the crystall i tes with the fastest g rowing  axis (perpendicu lar  to the substra te)  survive, 
suppress ing  crystall i tes with o ther  or ienta t ions .  This type  of  layer  is therefore  
recognizab le  by a p o o r l y  or iented  initial layer, as is the case when  glass subst ra tes  
are used for C o - C r  (see Fig. 1). However ,  when  silicon or  C / m i c a  subst ra tes  are used 
the first nuclei are immedia te ly  p rope r ly  or ien ted  which means  tha t  the film grows  
a long  its fastest d i rec t ion  f rom the very beginning,  

N o w  the ques t ion  remains :  W h y  does the crystal  d iamete r  increase with the 
film th ickness?  In  the case of  the "survival  of  the fastest" there is a s imple m e c h a n i s m  
which  explains  this feature. In our  case there has to be a different cause. A formal  
reason  cou ld  be the crystal  b o u n d a r y  energy;  i .e. by increas ing the crystal  d i amete r  
the energy  densi ty  is decreased.  This, however ,  does  no t  explain h o w  some crystals  
g r o w  at the expense of  others.  

F r o m  o u r  S E M  and  replica m i c r o g r a p h s  it can  be c o n c l u d e d  that  there is a large 
statistical va r i a t ion  in the crystal  d iameter .  F u r t h e r m o r e  the crystal  bounda r i e s  do 
no t  show any  in te rmedia te  layer  or  separa t ion ,  the crystall i tes being very close. A 
simple exp lana t ion  cou ld  therefore  be tha t  the average  increase in the crystal  
d i ame te r  is just  gove rned  by statistical rules. The  relative surface t empera tu re ,  of  the 
o rde r  of  0.4, is in the range  where  surface diffusion is believed to be the d o m i n a n t  
fac tor  ~a. Therefore  a statistical va r i a t ion  in the local  flux at the individual  
crystal l i tes m a y  result in the increase of  the " 'highest" at the expense of  the "'lowest" 
crystals  which is m a d e  possible by the surface diffusion;  i.e. the crystall i tes are 
capable  of  g r owing  s ideways  unh inde red  by in te rmedia te  crystall i te layers. Clear ly  
this effect is self-enhancing.  

6. R E L A T I O N  T O  T H E  M A G N E T I C  P R O P E R T I E S  

Perpend icu la r  magne t i c  r ecord ing  necessitates a pe rpend icu la r  magne t i c  
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a n i s o t r o p y  of  the layers. O u r  C o - C r  films had  a large magne toc rys t a l l i ne  a n i s o t r o p y  
with the c axis of  the h.c.p, s t ruc ture  or ien ted  perpend icu la r ly  to  the film. We 
m e a s u r e d  Ms and  the uniaxial  magne t i c  a n i s o t r o p y  cons tan t s  K1 and  Kz with a 
v ibra t ing  sample  m a g n e t o m e t e r  (VSM) and  a t o rque  meter  respectively (see Par t  II). 
The  in-p lane  and  pe rpend icu l a r  M - H  loops  measu red  with the VSM are given in 
Fig. 9. O w i n g  to the excellent preferred c axis o r i en t a t ion  the in-plane hysteresis loop  
is m a r k e d  by a small in-plane r emanence  ra t io  Sit = 0.04 and  a s t rong  a n i s o t r o p y  
field H k. This field depends  on the film c o m p o s i t i o n  and  varied for ou r  films between 
3 and  7 kOe.  

The  relat ion between the in-plane r emanence  and  the film thickness  for three 
different types  of  subs t ra te  is given in Fig. 2. In par t icu lar  the initial layer  sput tered  
on silicon shows a small in-plane  r emanence  caused by the pe rpend icu la r  
o r i en ta t ion  of  the a n i s o t r o p y  axis. Fi lms sput tered  on C /mica  exhibit  a p p r o x i m a t e l y  
the same b e h a v i o u r  as those  depos i ted  o n t o  silicon. The  m i n i m u m  in-plane 
r e m a n e n c e  is ob t a ined  for films sput te red  on  silicon to a th ickness  of  300 n m  or  
more ,  while for C / m i c a  subs t ra tes  the o p t i m u m  film thickness  is 600 nm or  more .  
A b o v e  these thicknesses  there is no  change  observed  up to 2 Itm. Using  a glass 
subs t ra te  the best r e m a n e n c e  is achieved at a thickness of  a p p r o x i m a t e l y  800 nm. We  
have a l ready  s h o w n  by X- ray  diffract ion that  the qual i ty  o f c  axis o r i en ta t ion  (A05o) 
was ext remely  g o o d  even for thin layers (see Fig. 1). In  Fig. 10 the in-plane 
r e m a n e n c e  is given as a funct ion  of  the d ispers ion A0s0 of  the h.c.p, c axis 
or ien ta t ion .  The  da t a  p lo t ted  in this figure c o r r e s p o n d  to films which were sput tered  
at va r ious  values of  pa ramete r s  such as the thickness,  a r g o n  pressure and  sput ter  
voltages.  The  cor re la t ion  between A05o and  Sii is manifest  and  this suppor t s  the 
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conc lus ion  drawn from our  torque  me a sur e me nt s  (see Part II) that the an i so tropy  of  
C o - C r  films originates  from crystal an isotropy .  

7. C O N C L U S I O N S  

Independent ly  o f  the layer thickness  our sputtered C o - C r  layers on  si l icon 
substrates have  an h.c.p, structure with the [001 ]  c axis perpendicular  to the 
substrate.  In order to start directly with a correct or ientat ion it is essential to clean 
the substrates by the g l o w  discharge method .  

The  c/a ratio calculated from X-ray data  is 1.62. This  is a lmost  the same as the 
ratio for h.c.p, or-Co. The  type of  substrate influences the growth  of  the initial layer. 
The  growth  m o d e l  for our  layers is based on  the tendency  of  the a t o m s  in C o - C r  to 
c o n d e n s e  preferentially with the m o s t  dense ly  packed  crystal plane, the {0002}  
plane, parallel to the substrate,  which  also corresponds  to the direct ion of  fastest 
growth.  

The  format ion  of  the layer takes  place in the range where surface diffusion is the 
d o m i n a n t  factor. The  crystal  size increases a lmos t  linearly with the film thickness.  
We  p r o p o s e  the m e c h a n i s m  for crystal  growth  to be a statistical variat ion in the local  
flux at the individual  crystallites, but it m a y  also be inf luenced by a lower ing  o f  the 
grain b o u n d a r y  energy. 

The  m o r p h o l o g y  of  our  layers shows  that they consist  of  conica l ly  shaped 
crystals.  The  magnet ic  an i so tropy  axis co inc ides  with the c axis o f  the crystals.  
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