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Abstract.  Polarized  neutrons ( = 0.47 nm) are transmitted 
through RF and maagnetrq sputtered CoCr films (0.3-5 p m  th ick)  
w t h  the  polarization vectdr in  the  plane or perpendicular t o  
the  plane of the film. In the fo- case we can  deduce frun 
the deplarization the  effective height  heff of the darains 

fran the angular aependence of the  depolarization  the 
secticn width 6 (bhich is p?xprtional to the damin width) i n  
the r-ent states  after pqendicular and after in-plane 
saturation. 
As expected, h&f appears to be larger after perpendicular 
saturaticn and for  a film  thickness h 400 nm, hff 
approaches h. This is attributed to the disappearance  of 
reversed spike &amins i n  the  thinnest films. The lcwr hff 
found i n  magnet- films w i t h  a lcu-er surface/tuuc  coercivity 
ratio is also consistent w i t h  spike d d n  th-. The section 
width 6 is found to  be proportioMl t o  hX with x depending 
cn the preparation or magnetic history of the film between 0 .6  
and 0.8.  For  magnetrm films 6 is 1.5 as large as i n  RF 
films of equal thickness, i n  qualitative agreemmt ody with 
the fact  that K1 is ~ c e  as  large  as  for RF f i h s .  

INIRxxJmm. 

For COQr sputtered  films w i t h  their  typical columnar mrphology 
discussion remains abcut the  particle  vs ~ t i n u c u s  magnetic 
khaviour. It is well knm that  the mcapholcgy and crystal 
structure and therefore  the magnetic properties of these  films 
depend strongly on the  deposition anditions [l]. I n  order to 
mderstand the  mgnetization process, dorain sMies   a re  of 
great iqmrtance. For such studies Neutron Depolarization (ND) 
is a uniquemsuloa, especially i n  studying the bulk of thick 
films (> 5pKd nm), axpl-tary to  Iarentz Microsccgy which can 
c d y  be applied to  thin films (<  2EU nm) . Most other techniques 
are ccnfined to the surface. 
men a  polarized neutron beam passes through a  ferramgnetic 
specimen, the  polarization vector  precesses around the magnetic 
indudicn due to the magnetization Ms i n  the magnetic &amins. In ND the polarization vector is adjusted by mans of 
a "polar i~a t i~n  turner"  along one  of the  (x,y,z)  directions of 
the  Iakoratory system. Ety means of a second plarization turner 
after transmission the capxent  of the  polarization vector 

- as it emerges out of the Sample - al- any  one of these 
directims can be analysed. Thus, a (3x3) deplarization matrix 
can be measured [2]. I n  this paper we only consider the 

& 
I 

Fig. 1 Schemt ic  view of the  neutrm transmission experiment. 

diagonal  elements Dxx, b, Dzz. 
Let u s  illustrate  the relevance of ND with the d e l  of Fig. 1 
i n  which the dcmains extend throqh  the thickness or "height" h 
cb the film,  defining (x,y,z)  as  indicated. 
In I;erpendicular transmission the precession  angle i s  
+ or - &, with 

bm = 5 . 7 2  X 10 (MS.h).X 8 
(1) 

*ere MS is in  A/m and the neutron  wavelength X and h are i n  
m e r .  I n  non-perpendicular transmission, neutron trajectories 
pssing a damin OCCUT, so the precession  angle 
along them is m l l e r  than 4 m, hence cos 4 and also < a s  +> 
is closer to 1. In an earlier analogous st* E31 on 'thick 
electrcxiepsited N i  films we stated  that D, = <cos & for 
all transmissicm angles 6 . In case of  dcamins  of equal width 
he can deduce fran C31, eq. (14) the follwing linear 
relationship bewen < a s  4> and I ,g 1 : 

4;z = <cos+> = a s + m  + I e Iftdm), (0505=-( 6 /h) 

with 

Fran eq. (1) and (2)  we obtain  the follcwing information: 
k z  ( 0 = 0 )  yields  the  height of the  damins and the  quantity 
f ( 4 m ) ;  then, fran  the slopes of the measu~ed D= for -11 
181 we can  determine 6 .  
men ?+e damins have  unequal widths, it is obvious that 
eq. (2) remins  valid in good approximately  provided I 6 I is so 
s ~ l l  that ccntributicm due to neutron trajectories passing 
2.3,. . . damin walls are negligible. Then the  quantity 6 is  
defined by the f0XlIUl.a 1/6 = <1/6 i> ,  with 6 i  the d m i n  
e t i m  width as  indicated i n  Fig. 1. 
W realize that -cause  of the  "spaghetti" or "chain of colm" 
like b i n  structure C4,51, the  quantity 6 may be larger than 
the a c t M  damin width. we w i l l  refer to 6 as "damin section 
width". This papr  deals mainly  with the  quantities 6 and 
heff for RF and magnetron sputtered Cdr films in  the 
r m e n t  states  after perpendicular and after in-plane 
saturation. 

&. 
?e s q l e s  were sputtered fmn alloyed -1Cqg targets of 
4" and 3" diamter respectively, on Si(l00) substrates i n  a 
Leytnld  Hereaus  RF-sputter apparatus ( 2 4 0 0 )  either w i t h o u t  ( s o  
called ' m f i h s ' )  or w i t h  magnetron facilities ( s o  called 
'magnetron films'). Films  were sputtered in  batches of 16 (RF) 
cr 23 (magnetron) on substrates with dirnensions 10x10 m2.  
Each film was characterized by a V5M measur-t yielding  the 
wlwe a O e r C i V i t Y  Hcv and the prcduct MSh. Surface 
mgnetization measurements on a  set-up i n  which the polar Kerr 
rotation is determined as a  function of a  perpendicular  applied 
field yield the  surface  coercivity Gs [SI. 
'he (magnetic) film  thickness  h is determined fran the prcduct 
%.h and Ms = 460 wL/m. 
Since sputtering  conditions are  less haiqeneous i n  magnetron 
qxtterirq than i n  the RF node, the former smnples were divided 
into "centre" and "off en t re"  samples as described i n  [71. 
Series B and D of the "centre"  type have a  higher 
CX = &s/& and a  higher thickness than series A and C 
klonging to the "off  centre"  type. 
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All series consists of 7 films. 
Fran torque measurements the value  of K1 was found to be 0.9 
ard l.htl05~/m for RF and magnetron sputtered  films, 

tase of eq. (1) in a W r  film with a thickness of 1 pm is 
?he precession of the polarization  vector to be expected on 

cnly 70, and hence cos& > 0.99. , 
'Ib make the difference of D i i  (1 = x,y ,z )  fran 1 better 
cbservable, we perforired the ND experiments on stacks of 7 ,  12 
OT 14 films  rather than on a single  film, so in  fact  we 
msured ( D i i ) N  ( N  = 7,  12, 14). Thus we were able to  study 
film with thicknesses from 4,84 dam to 0.31 pm. Table 1 
gives  a  review  of the films used in this study. 

respz+ively * 

Table 1 review  of C d Y  f i l m  used. 

A. W sputtered f i l m  
ser. numb. Ms h  h CR n&. of 

bm) f i m  #m 
(A) 

W 3 2 5  
( d m )  

0.144  0.31 0.4 14 2.22 
031285  0.242  0.52  0.3 14 
090384 

3.7 
0.421  0.95  0.3 14 6.48 

030384  0.855 1.90 0.4 12 13.2 
860314 2.22 4.84 0.7 14 34.2 

B. Magnetron sputtered f i l m  
ser. nmb. Ms h  h CR nmb. of 

W) films +m 
(A) (degr) 

851118 0.254 0.55 1.10 14 3.91 
850911-A 0.719 1.56 0.53 7 11.7 
850911-B 0.796 1.73 0.91 7 12.3 
850912-C 0.799 1.74 0.44 7 12.3 
850912-D 1.111 2.42 0.87 ' 7 17.1 

'Ib measure the  quantities %x, % and D z z  as a function 
of @ (Fig. 21, we rotated  the sample steprise and measured in  
each setting the intensities denoted IXX, In and I=, 
res&ctively.  he correspnding  rmtrix el-ts are calculated 
Q' D i i  (Is - I i i ) / I s P  (i = x,y,z) with P (= 0.94) the 
plarizing p e r  of the set-up and Is the  intensity of the 
fully  deplarized kam. 
Fib w e r e  measured in  the remanent states  after applying an 
external field  larger than 7 kA/m (8  Me)  either perpendicular 
ar parallel to the plane of the film. In  the  latter case  the 
-le was -ted such that  the remanence w a s  perpendicular to 
the axis of rotation (Fig. 1). 

1 . 0 0  

0 . 9 0  

-30' -20' - l o 0  0 10" 20' 30' 

Fig. 2 Behavim of the diagonal e l m t s  i n  s q l e  080384 
after in-plane saturation  as a function of  transmission 
angle. 

RESULTS. 

(i) DaMin height. 
Fran 1 (Fig. 2) i n   a l l  experimental r e su l t s  follms 
that the  damin magnetization is perpendicular to  the plane of 
the  films C31. 
?he actual precession of the  polarization vector is mnifest 
d y  i n  % and Dzz and appears to be less than the value 

calculated with eq. (1) . Therefore we intrcduce the 
quantity heff defined by 

with D the average  of and. DZZ for fj = 0 and N the 
nlrmber of  stacked films. The quotient  heff/h is plotted in  
Fig. 3a and b as a function of  h in  Mth  mgnetic  states  for RF 
and magnetron spt tered films,  respectively. 

I 

' I  I 
G 1 

I - J  I 

0 CD 

+ 1 
t I I I I I -I 
0.1 1 10 

f i  I m  thickness [pm] 

1 . 0  J 

Fig. 3 

+ 
B 

Q 
4 
4 

Q 

c I I I I I -I 
0.1 1 10 

f i l m  thickness [pm] 

?he kehaviour of RF and  magnetron sputtered films is 
qualitatively similar. In  the r m e n t  state after 
prpedicular saturation h&f appears t o  approach h in  thin 
films. In  the in-plane  remanent state &ff/h also increases 
upn decreasing film  thickness, but tends t o  r a i n  well 
b1ck.1 1. The lcw CR of the magnetron series A and C is found to 
mrrelated with a l m r  bff mnpared with series B and D 
bd.th a CR close to 1 (Fig. 3b, table 1). 
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U s i n g  the plots of 4ry and Da, 6 is deterndned fm the 
(ii) Dpnain section width. 

angle 80 (Fig. 2).  Frcm q. (2) we can deduce that 

6 = ~  2 8 0 .h 

Setting h equal to h&f in eq. (4)  yields  the  behaviav 
plotted i n  Figs. 4a and b for 6 as  a  functim of thickness i n  
RF and in magnetron sputtered  films,  respectively. We notice 
that 6 is * 1.7 t d s  as large after  perpendic~lar  saturation 
as after h-p- saturation. Moreover, for magnetrm films 6 
is &ut 1.6 t k s  as  large  as  for RF-film. In the RF film of 
0.31 pm hardly any deperdence of % ard D= on fj was 
ab~erved, so we can give 110 reliable value for S . 
In a l l  plots 6 can be described as " G, with for 
W films x = 0.6 and 0.8 (g.05)  after in-plane and 
Ferpendiculaz saturation,  respectively and for  mgnetrm films 
x = 0.7 and 0.8 (g.05) respectively. 
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Fig. 4 Camin section width 6 measured in RF (a) and 
mgnetron films (b) as a  function of film thickness. 
-1s as i n  Fig. 3. The broken lines  are  a best f i t  
to the  observaticns: the full lines correspond to the 
aMin width d according to  "reversed  spike  theory". By 
the "curvature" of the dcmains d should be " 612. 

DISCUSSICN. 

(i) DaMin height, kff. 
In an earlier [61 and in a parallel C71 study on C& films it 
is reported that the  quantity CR in RF films  abruptly  decreases 
&an 1.3 to 0.5  above a critical  film thickness of 125 nm. 
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The critical thickness for magnetron films was  found to be 1.1 
and 0.8 pm for centre and off-centre sanples,  respectively. 
"be increase i n  CR is explained by the vanishinq  of reversed 
&rains or spikes f r a n  the  surface in films t h i ~ ~  than the 
critical thickness. An order of mgnitude  estimate C71 based on 
theoretical  calculations of flux  closure in uniaxial systems by 
"reversed spike dcnnins" i.e. "branching" of the min damins 
[8,9,l03 shows that spike d m i n s  i n  Cocr are expected to  
disappear a t  a  films  thickness near this critical value. 
Also the present  observation that k f f / h  after perpendicular 
saturatim approaches 1 a t  a thickness near th is  value is 
consistent  with  spike  durain theory. In this theory it is 
mreover expcted  that  the n n ~ t m n  series A and C with  a 
" 1 ~ "  CR ("rmny spikes")  shmld have a 1- heff than the 
series B and D with  a "high" CR value. This is indeed found 
after perpendicular saturation,  as can be seen i n  Fig. 3b. 

(ii) -in section width 6 and d- width  d. 
A sharp knife cross-section through a  serpentine  damin 
structure  reveals  the  section widht distribution. Its average 
is larger than the shortest perpendicular  "cross over"  of a 
&rain by a  factor of "2, depending on the "curvature" of the 
SeIpentines. We assume that 6 is prop3rtional t o  the danain 
width  d. In  csmtinuous d m i n  models with free poles or closure 
&mdns, e.g.. the Kittel mDdel [ll] the dependence  of d on h is 
described with  a pwer 1/2: d = 0.19  h1/2  and  0.21 
in W and mgnetron f i l m  respectively. I n  spike danain theory 
cne finds d = 0 -11 h2/3 and 0.10  h2/3, respectively (d and 
h i n  pm). The present  observations that  the  expnent of h has 
mluesbetween 0.6 and 0.8 is in  favor of the spike domain 
W e 1  and in agreement w i t h  measur-ts by Ggnperle and 
CDwDrkers [121 on Co platelets. 
The Kittel nrdel predicts a weak dependence of d on K1. 
m v e r ,  we observe that 6 in  magnetron films is  1.6 t i m s  as 
nu& as i n  R F  films, whereas KI. differs by a  factor of 2. 
So this model  does also not describe  the observed K1 
c k ~ e n c e  of 6 . I t  is concluded *an this and other 
abServations that RF and magnetron films differ i n  mre 
respects (e.9.  intenzal  stress and coercivity C71) than mrily 
the  quantity K1. 
The difference of kff and 6 after perpendicular and after 

arrelated with d m i n  nucleation, which prmeeds in  different 
in-plane saturation, found i n  a l l  our f i l m  i s  probably 

mys  after both saturated states. It proves that  the coluna~ar 
mrph3lcqy is not the only factor  defining the d m i n  
structure, but that also  the magnetic history is  important. 

ccNc!-JJSICN. 

We have studied the  effective  height and the  damin  section 
width in splttered CcCr films. I n  the same film b t h  quantities 
are  different  after in-plane or  after perpendicuiar saturation. 
The increase of bff with decreasing film thickness is 
explained by the vanishing of "reversed  spike  damins" belm a 
critical thickness. These  phenaneM and the 2/3 poKer 
depenaence  of the dcrnain width on film  thickness are  mre 
amsistent with the spike nodel than with  the Kittel M e 1  for 
a ccntinuous medium. The lower bff found in magnetron fibs 
with a lwa surface/- coercivity  ratio is also  consistent 
with spike d m i n  theory. 
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